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[PREFACE
In November 1954 the AGARD Flight Mechanics Panel held a Meeting on Rotary Wing Aircraft with emphasis

on flight testing. Since that Meeting the Panel's technical program hins stressed developments in non-rotary wing
V/STOL aircraft. However, it wis retcognized that significant advances in the field of rotorcraft were occurrng in
the late 1950's and 1960's. In 196) the Panel decided to organize a Symposium on the subject of advanced rotor-
craft. The objectives of this Symposium were to:

-Review the experiences gaineJ from existing helicopter operations

- Review the lessons obtained from flight tests of ex~perimental helicopters

- Discuss the future of advanced rotorcraft

- Dis.cuss improved ground test facilities for research and development of new rotorcraft.

The Symposium brought together research scientists, designers, flight test engineers and military pcrmonnel for
an in-depth exchange of views on the past. prescnt and future of rotorcraft. The papers presented at tb;w Sympo-
si--n are published in Volume I of the Proceedings. Volume 11 contains the lengthy open discussions wha':,h followed
the presentations of the papers and the two round table discussions on the subjects of Advanced Rotorcratt
Technology and Special Large Wind Tunnels for V/STOL and Helicopter Studies.

The Symposium was held at the NASA Ldngley Research (Center, Hampton, Virginia, USA which gave the
participants an opportunity to see many ground and flight test facilities used in helicopter research.

J.BEEBE Ph.POISSON.QUINTON
Program Technical Co-ordinator Program Technical Co-ordinator
Former Member, Flight Mechanics Panel Member. Flight Mechanics Panel

AVANT PROPOS

En Novembre 1954, le Groupe de Travail de la MWcanique Ju Vol. de I'AGARD, organisa une radunion sur les
Adronefs A Voilure Tournante et plus paaticuli~rement sur ieurs essais en vol. Depuis cette rdunion. le Groupe a
mis l'accent, dans son programme technique, sur les d~veloppernents dan? le domaine des avions ADAC/ADAV i
voilure non tournante. 11 fut reconnu toutefois que des progr% importants avaient ma: jut les giravions vers la fin
des atnnecs 50 et dans les anntes 60. Le Groupe d6cida donc, en 1969, d'organiser, stir le theme des giravions de
conception avancte, un symposium o6 seraient poursuivis les objectifs suivants:

- Dresser le bilan de 1'exporience acquise sur Its hi~licopt~rcs en service

- Passer en revue les le~ons tirdes des essais en vol sur helicoptires expa~rimentaux

- Etudier l'avcnir des giravions de conception avancie

- Etudier les installations au sol am~lior~es pour Ia recherche et le d~veloppement de nouveaux giravions.

Ce Symposium rdunit des chercheurs, des concepteurs, des ing~nieurs d'essais et des militaires. et les fit parti-
ciper A des dchangcs de vue approfondis sur le passd. Ie pr~sent et l'avenir des giravions. Les communications pr~sentdes
I l'occasion de cc Symposium font l'objet du Volume I du Compte-Rendu. Le Volume~ 11 est consacr6 aux importants
dibats publics qui suivirent la prisentation des exposds, ainsi qu'aux deux "tables rondes" sur Ia Technologie des Cairavions
de Conception Avanc~e et sur les Souffleries Spkiales de Grandes Dimensions pour Ftudes sur appareils ADAC/ADAV ct
sur hdlicoptircs.

Le Symposium cut lieu au Centre de Recherches Langley, de la NASA, A Hampton. Virginie, aux Etats-Unis. ce
qua permit aux participants de rendre visite A de nombreuses installations d'essais en vol et au sol pour recherches
sur hilicoptires.

J.BEEBE Ph.POISSON.QUINTON
Coordonnateur Technique du Programme Coordonnateur Technique du Programme
Ancien M-., -bre, Groupe de Travail de Membre, Groupe de Travail de Ia
Ia M~canique du Vol Mk~anique du Vol
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LE VOL TACTQ!U Dr- 'HELICOPTERE
ET LES REPERCUSSIONS SUR SA CONCEPTION

-Commandant M.BERA HOUX - Aviation LUg~re Armte de Terre -

-SERVICE TECHNIQUE DE L'AERONAUTIQUE -
4, avenue de la Porte d'Issy - PARIS 1Seme

1/- AV.ANT PMPOS -

lie bosomn pour lea five*& terreativ. do rdalistr ian. cortatne #aresobilitd constitue une des coned-
quencos de l'spllarition do Il'rms &\tomque our In cheamp do bataillo.

Or, si lea itiades relative* h Ileuploi do Il'rms atomique mettont en lusibro a. csractirie trbm so-
bile quo dolt iweitir M~oracis la manOeuvre dee forces torrestrom, silos soialignent 4plement 1' obstacle It
c,;tte mobilitd quo risque do constituor un torrain boualtvorod par lea freppea nauosires.

Cleat slors qnia'ppsrait tout Ilintdr~t qu'otfre ltemploi d'unitda taotiruea dimposant en propre
do vdhioules sdrosobil~om leur pormettant do owner un combat to.rotre h partir d'un **spac dit "airien".

Aujazd~hui Is Ydhiculo adromobile standard set 8l'hdlicoptbrow. Doune-t'll entibrement satisfac-
tion It mor utilimastuir toerstre, pouar manor as bataille ? Sans faine prouve do trop d'intransigesnc., Is r4-
ponss pourrait Itre mdgstive, oar k Is limits In cholz du cosbattant terreetre asportersit plutft vore un idhi-
cule I vocation terrostre capable do voier. Eat-ce du doamino do l'utopis '? Peut.Jtre I

Par contra, em Wano tenant I Is tochnique dprouvie cue constitue Is voilure tournanto, cello-cl
pounait doonor plus proos satisfaction k act utilimateur ml lea personnes chargiom do Is conception do ce
type toi itdriel pereovalont mleuz lea contraintos d'emploi d'uzae tells plato-f ores done us combat ternastre.

Cot article a pour objet 'i'osaayer d'ozprimsr certain.. rdflexioca our diffdrents aspects do co
probibme I Is. l-Aibe do Il'opdriesoe acquise por l'Aviation U4gbr do I'Anade do Terri 1rsnple dam s du.
man. do Il'dromobiiltd.

Aprbs avoir ozawda Il'nvfrcss..ent tactique nous ossayerona do rechercher done quals cioosrna eaI&
conception d'un hdliooptf.re pouralnt on Itre lofluonode.

110/ - W-VIMNDUT TACTIMJ -

2.1 - SAD _t Ass
Yous rotlesralw pouar cadre, un cOnflit cisaseinue, sous mensce* muaciire intiroessaut us th4&tr*

I&. fait maoldIre imposant
- us dlargiesoment dum camp de bataille,
- iane dispersion at une concentration rapids des moycca,

Is a~ijJy mors. us des didonta fcsdomentaux does myons do combat.
L'bdliooptbre pw-;ant s'aftranohir does obstacles naturels ot do ceux or~dd par is frappe nu-

chaize ccsstituo un does ihiciales los aleia adoptis k cas gem do combat, dens Is ensure ab i1
pourr auryivzo dama co milteu hostile afii quo son dquipaeo puiest oomsr I blon Is mission ropue.

Quo Cott* missionsmolt a
.I& lutte antichar
.Is lutte antibdllcopt~re

1l'sppial fee
Ise transport do combattants,

ohs$ me pwurr Stro coftidirdo come riumais quo ml lea clars .t los hdlicoptbres sont ddtruits,
l'sonnsl wopdr4 , I** installations adverses routralisdos. Main pour ce fairs, 11 aura dtd capital
quo Ilhdlicoptbre parviosno avoc tout son "potential do combat" do son lieu do dipart jumqulau ashl-
lour emplacement do tir pouar utilimer sea arms., jusqu'& Is zone do poser ctaoimie pour y dibaiquer
fse cambattants doen lea ddisis prdvus, jusqu'& l'empsaceasnt d'ebservatica en x, y pouar aumvillor
Ito souvememnts do Il'dvswealrs.

Cotte phase do I& mission raprdaentant I* *transit d'lntervention" comptt pouar 50 It dana Is.
wdusaito global* do I& mmicsso bloc nue so adrouisnt dans ian milieu particulibrevent hostile.

Men arriyous sinai h Is notion do vulmirabilitd, qui dolt Itro prime dams son sone Ie plum lorge,
com. un dv0nsment dd~aavorablu interrospant on intorinissnt Is aimaics ot plus particilli~roeant Is
phAse do transit d'intervs~tios.

2.2 - Y4rkltL
P. 2.1 . jij M Ip As vuJJLmkilt doie' O yz:I 4..d £ jsiirj~tia1

lai vulcdrabilitod sau ddfaillsnces micaniques,
-Is vulndrabilit~d I Ilenvironnemont natural (cult - mdtdorologie9 difavoreble - noige -

givrags - gadle),
- Is vulnrAruilit4 & l'ozivironnemsait du combet.

Ias doux prAibres concertiont Ilh~licoptbareo n gindral. Maim pour I. cas partieialier do l'hdll-
coptire militaire, il sat foudawnital do a'ecltercher h dialnuer ft vulndrsbilit4 k l'onvironnement
du combat, pour augmer.imi is pourcentae' de rdussite do sea aimmions.

2.2.2. SqoX jon~e juka cnjRq. - 'o er du jtum odmna

- factour difavoreblo l'1onnemi caractdriad par son ddploiexent our I. terrain, see
moyosn do ditoction ot 4s repdr.,,v, ls nombreo t lea perforwncea de son &raes,
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-aceu fao ab leI terrain avec sea formes gdmirales (validem, collines), sea ob-
staclessaaturels (rideaiaz d'arbres, boequeta) et artificiels (villages, constructions
isoldes), qui pezuettent un ddfilement efficac. aux vues et au2 coups directs do
l'onnomi.

Cos cownidirstions nous font ddboucher our la notion do protection dci hdlicoptbrem qui reprd-
monts ian problims particulibrement comple" e t qui no so limit. abooluxent pas h une utilisation
plus on moans rationnollo do plaques do blindage.

2.3. - BZ L i p~e

Diminaer I& vuladrabilitd do IIL'hlcoptbre
- h I& ditection optique, diectronique, acoustique ianitiatrice du fou annemi,
- cau fou des amose a.zeulum

on via. do
- alu permottre d'acoomplir ma mission,
- d'augasonte: sea pcssibilitds do survie dens I& tons des combat*,
- permottr* uno remsme rapido an sorvice, aprbs attointo par Is fou onnemi,

2.3.2. Typodjt jr2Wtij9U*

Deux typos do protection sont I considdrera
- protection active
- protection passive

Ellem peuvent Atre ddfiniom ainai s
a) - I& protection active a pour objet do diminuor lea poosibilitds d'atteinto do Ilhilicop..

tire par 1* tou ennemi.

b) - La protection passive a pour objet do persottre k l'hdlicoptbre do go~f I. fou onnemi
sM ou Mj ian certain ondommsgement.

2.3.3. 0t16ki-jt1%jog ±0! jr ljoai9 - lpsjsAajJ
2.3.3.1- Protectioni active -

A- JatM_.Iai4.JutJm
Opiu ... - pointuro do camtouflage (couleure appropridem)

- suppression des ref lots our lea surfaces vitrios on. mdtalliquos
- fameo

dimensions (r~duction)
techni'uo d'exploi (vol tactique)

Elecroni)# - peinture spdciale possddant ian bon coefficient do reflectance aux
Emissions radar ot our infra-rouges

- ditecteur 1d'aission radar
- techaniqu* d'empboi (Vol tactique)

Accustiouo. i - diminution du bruit (radar - moteur)
- teclanioue d'emploi (Vol tactique)

B- gaml elpý

- Conoaissance do Ilemplacement dies areas ennexies et lour@ caractdristiques (portdo -
officaciti)

- Tochnique doemploi (vol tactique) en fonotion des aims enremios et do lour ddplois1met
our Ie terrain

- Utilisation d'artw ayant une portge supd-leure I cellos do Ilennemi
- Naniabilitf do llhdlicoptbre permettant dt faire varier trho rapidement Is configura-

tion do vol ou Is rout* uilvie
2.3.3.2- Protection Passive -

Is. protection passive repose our
- l'orgmnisation do l'hdlicoptbre
- Ileaploi 4ut blindage

Avant d'abordor l'orgsnisation do lkadlicoptL-re, il sora ndcossaire do ddterminer lea "points
sansiblem" dont lIattointo par 1s fou ennemi. pourra entratner

*soit I& porte do l'hdlicopt~re
'soit l'arAit total d&~ Ie mission
"*soit Is poursuite do la mission avec mes offic~acit4 rdduito

Sous Is ddnomination "points sensiblom" peuvent *tro rangis lo* organem ot Equipenents ni-
cossaires au vol ot I Is mission.

la ditermination des "points sensible* " itant faits, l'orgmnisation do l'hilicoptbre ponrra
Atre envisegd* suiý,ant lea cam

- par concentration des "points sensibles" avoc on saws blindage,
- par dispersion des "points sonsiblem" avec: on satin blindago,
- par duplication des "points mensibles" avoc on sasn blindage,

on fonct ion
- du calibre, ot dos effete des projectiles succeptibloo d'atteindre cos "points son-
siblos" aua couro d'uno mission type,

- des directions priviligidos d'attointo,
- dL, pourcentage do perte on d~arr4t de mission acceptable



Ii apparait done quo Is protection do l'hdlicoptbre doit Stre aboridd comie 'un probhmse
global. Il serait vain do couvrir un hdlicoptbre -' laquee do blindage si celui-ci eat par-
faitewent ddtectable par l'onnssi done passiblo d'un tir prdcis avoc uris armse pproprige do-
vent sntralner a& destruction.

I& participation do Ilutiiianteur h la protection active so conordtiao ossontiolleinent par
une technique d'emploi particulibre lei vol tactique.

2.4 - Le ol ta~ctie.Luq.:
Ii -*ut aso ddfinir ainfli

"I~e vol tactiqueest un d~placoment qui sa'ccomplit en gdniral h vii. hauteur tres faible per-
itettant d'utiiiser au mipux, Ie terrain avec sea obstacles natitrols at artiticiole,los poesibi-
litds du vdhicule, lea dquiveMb.'ts et a&memento de bord on vue : d'n part d'Itre en memuro Wase-
surer h chaque instant lea actcin Mimentairsa du combat terrestro et d'autre part d'dchapper aux
vues et aux tire 4ir.-'ta do l'enrenii".

Cortes, le vol tactique nWest peas is seul mode do ddplacement praticable our Is champ do batoiils.
I* vol h basse on h trbs baseso altitude eat nussi utilisable. Maie, plus on so rapproche du contact
plus l~a hauteur d16volution diminue, pour so transformer on un ddplacoment, so rapprochant plus do
celui pratiqud per un vdhicule torreatro quo par un adronof.

iCaractdriatiquea gfnfralss du vol tactioue -

-foible hauteur (2 h 3 'ibtros);
- ntre at k prouimitd des obstacles, rarement au-dessus
-arr4ts rapidos nombieux
-stationnaires nombrour
-accdlrations et ddcdldrations our trajectoiro importantes
- volutione tita serrdes;
-utilisation do touts la gaes do vitesso. Pas do vitesso privildgige
-adaptation do la vitoaso au terrain et I Is situation
-manoeuvres effectugea indipendammsnt du vent (diroctionaet force).

Coan caractdriatiques non orbaustives sont tria contraignantom et peuvent so rdvbler d4tevainanter.
dane Ia concepti on do la plate-forms.

1110/ - INFUENCES SUR LA CONCEPTION DE IA PLATE-YOME -

Moun* eirazinorona 1' influence du vol tactinuo done lee troim domiunos suivants t
- lea performances do Ia plate-forms

-I 34curitst
-Les posslbilitgo tons temps

3.1 - Th~suets~ slLea cer r ancsL

tonore dt.pdet epi o ndiue.E oc rssml nmrt oisd Ise ddtemination des performance* au stado de l'avant projet certaina 4ldmsnts dsvront l
- Mdcosmitd d~une bonn. acodidration et ddcdldration mur trajectoirs sane variation lmpor-
tents d'amsistte pour permettrs i'utilisation des armaensts et des systbas do via"e et
d' observation.

- Facteuý de charge do 2,5 roncontid courument.
- Maniabilitd txim grand..
- Profil do vol tibs contraignant pour lea durdom do vie des ensembles udoaniquos.
- I*e vol smoffectvsnt couramment tr~s pr~s du aol, Us panne moteur set fatale..
- Un. grand* partio do la mission s'offectuo h des vit--aao5 faiblos 20 k 80 km/h.
- Noabroux arr~ts rapide* ot stationnairom prolongda.
- Toutes* lea dvolutione 89*ffoctuent quelles* que soient Is direction ot U. forc. du vent.
- L'attointe dos limitations ne doit pas downer naisooxaco h dos phdamncsno brutaus et
dangeraur.

- Facilitd et rapiditd de repliags des pales et do ddplacewsnt an sol moit d'vne isnibra
autonomo, boit &u,.c 1c concours exciusif do l'dquipags, pour pereottra un camouf lage of-
ficace *

3.2 - kf1nvs-z Anua jcritd t

I*e ddplacomsnt permanent & proximitd iinddiate et entre lea obstacles ndcessito

-uris visibilitd parfait* pour 1. pilots,I
-une diminution importante do Ia charge do travail do l'dquipags

L'effort devra donc porter principalemont our
- l'organisation du posts de pilotage,
- Is choir des instruments de pilotage,
- Is ddteruunation du noubra des meubrem do 1'dquipags.

3.2.1.-Nosbro do mombros d'dcnipa~w

En co qui concerns la rdpartition des tiches au cours i'une mission en vol tactique none pouvcns
dire quo Is pilots eat principalement absorb6 par la sdcuritd do a& rachine au conre do som dvolu-
tiona pamii lea obstacles. Son apport au rests do la mission peut Atre considdr4 come ndgligeable.
Il en cd~couie qu'un on dour autres mombres d',~quipage aunt ndcessalres pour assurer 1' 'bservation,
Isa recherche des eaplacpsents do tir, le tir, Ia transmission des renassignoments ot enfin uris f ccc-
tion primordiale :il navigation. Cette tkthe particultkvment absorbants, sur laquelle repose ý
pour uris bonne pert ia rduasits du "transit d'intervention", mobiliso l'attontion d'un wtambre
dldquipags au ddtriment des 'nrtres fonctions, emk~ en utilisant un syatbue do navigation nutoncoe.

Ii W'est donc peas raisonnable d'envi sager de donner au pilote d'autres functions quo cellos con-
cernant la conduite de an mqchine en adcuritd.
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3.2.2. Rr~iJaRt2Adk pclqte dsiOtMz
I* poets do pilotage devra donner aui pilots tins parfaite virnibiliti extdrieuro dane toutos lea

configurations do vol. Lea angles morta, provoquia par lea 6ldmsnts do structure et per 10 ta-
bloau, do bard sont & diminuer oti h dlimier d'une fagon notable.

Lee parties vitries dsvront ltro congues do manibro h dliminor toutes ddformations provoqudos par
lour courburo P't tous rot lets gdnants, provenant en particuliar do l'intirieur do l'habitaclo, at
passaddr lea diapositife iidcessaires pour maintenir tine bonns vision malgr4 lea intempodries (phuie -
noige - givre).

3.2.3. D~iz jio!- I~.zakn-knt!$-
Evidonuont tin zompromis oat it trouvor entre tins visibilitd parfaito yore Il'otdrieur, et tine baonne

vision dui tableau do bord. Il sat en offot difficile do conciliar lea impdratife dui vol tactiqus ot
coux dui vol IFR, qui lapasent tins disposition particulibre des instruments dane l'axe do viaion dui
pilots..

Do plus 1. duplication do certain* instutimonta entruins une augmentation des dimensions do I&a
plancho ds bord.

La solution do comprcuia asablo rdsidar dana tin asatbmo permettant
- Is suppression do Ia planchft do bard,
- Is projection des informationa,
- Ia adloction desn inform~tiona indispensable* solon I. t)pe do vol.

Afin do no pas saturer l'attontion viaue.:le dui pilots, dijk miss h rude dprouve nous ponsona quo
lea ayatbues d'alarmea dovyaiont a' orienter vmro lea diapositifa auditife prescrlvant mime au pilot.
lea actions do sauvogardo h entrep-ondro.

3.2.4. Posaibýi6i~tjda._06Ots vol t ys ag~

Tous lee avantagea procurds per Io vol tac~ious do jour a. rotrouvont do nuit ot par mauvaise vi-
rnibilitd.
Maim Is ddplacoment do nuit entro lea obstacles no eaeble peas avoir trouvd juaqu'& co jour Unao

solution technique valAblo, alarm quo Ilutilisation do l'hdhiooptbro an conditiona INC stir ho
champ do bataillo oat on voi. do rdaolution per des techninues cloassiques "adronautiqtses" (intra-
structuro aol Radar O-C.A. - ILS tactique - Radio balls.).

Nourn pensons qu'un raiaonnomsnt et uno techniqtue pltis adronobilewqta "adrceatatique" pormaltraiont
tine approcho plus efficaco do Isa pratique du vol tactique do nuit at per sauvaises conditions
adtiorologiquoa.

IVO/ - VOL TACTIQUE TOUS TEM4PS -

4.1 - 9oj1ea~jtAjE.iyl jLMv*1JAp~eh I

*1.. srarnibro. tochnigue i I* vitosse do diplacemont eat tonction do I& distance do perception
des obstacles aso trouvant our h* trajot.

#I&Itondo tacion Au courm d'un vol tactioue on peut considdror qtu'ur vitess. raison-
nablamont aticdriptirs I cello d 'in vdhicule torrestro ivohuant done I x1. i onvironnos; nt oat
tactiqueomet significative.

4.2 - !iaYlkese r nriAbla nt MO~3~

MNos pouvone suppasor, queoustr un champ do bataille tin vdhiculs torreatro ani an ennomi a. ddpla-
gant do nuit an par ma'vaise visibilitd no pourra avoir umo vitosse supdrieure h 10 ka/h, inalgrd lea
aides I In vision dont il sora dotd.

N~oiaiaaone par example 40 ks/I come vitosse Ae ddplacauont do 14hdlicoptire, valour qui on ters.
d'a~ronautique oat assimilable k tine vitoass presquo nmtlle. Ell* reprdsenta quand abe dans tin combat
torrestro tins vitosse 4 fais supgriruro k cells des vdhioulea torroatres utiliada dana lea mimes con-
ditions.

Cetto vitoaeo doviont alorm sigpAticative, car pour parcourir tins distance do 10 ka notre hdli-
coptbre msttra 15 minutes, maia pendant co tompa l'ennomi n'atira psroouru quo 2,8 im. Ce qui aigitifis
quo nous pouvou~s conaiddrer quo lIa situation tactiriuo do Ileasnni n'atirs parn dvohtid d'uno manibre
snignificative.

Cot exeample W'est choisi quo pour illustrer lee avantages d'uno vitemsa qui rest* faible st pour
permettro ainsi do concovoir tin rnyatbme autoncom "d'aide it I& vae" pour hdliccpt~ro sttectuant dui vol
tactir,uo do nuit ot per mauvaisos conditions sdtiorologlqtios, relevant plus des soyens d'aide h la vue
utiliso pour lea vdhiculorn terreatres quo dos syat~ens typiqusuent adronautiques.

II eat & notor qus lee vitossorn faibles no restent significativos quo pour lee distancesa dduitern
do 10 h 30 km. Ce sont des percours, qui intiroasont la frmnwo des contacts.

4.3 - Caract rijstiluoad'un Oft~m uu.~ae.d 'Aid l aý vtusL

Nana pouvons ossayer do ddfinir succinctement lea caractdristiquea d'un tol ayst~ma.

4.3.1. Bit.

Donner wat pilots d'un hdllcoptbre tin mayon d'augmenter son acuit4 visuollo, pour liii peruettro do
80 ddplacer de nuit et per mauvaise visibilitd entre ou h proximit4 dre obstacles sans aids
extdrieure.

4.3.2. Environnement

Milieu :.nuit de luminoaitda diffdrfntes,
.nuit et jour avoc conditions m4tdorologi.nues particulikresz



brauillard
pluie
neige

Terrain *obstacles naturels (lignes de cr~tes - arbres),
*obstacles artificiels (poteaux - lignes Alp.ctrinues)

4.3.3. Eldmentrt viýtaess.

Vitesse de d4placement d~tezvidne en fonction des posaibilitda de perception des obstacles donnges
par le systbme.

4.3.4. Kl1,enRt hauteur.

la plus :ýci possible compatible avec !-a perfourmances du aystbme.

4.3.5. Z-k.lAmrrt relief.

Donner out pilots une sensation du relief la olus eyacte poe'dble.
4.3.6. acqkqu~tjen sjosaiblsem

- Nouvelle technique de pilotage
- Instrumentation de pilotage particulibro
- Instrumentation double permettant de posser instantandamnt et indiff~remment du vol
tactique avec aide h la vue au vol en conditions INC

V/- CONCLUSIONS -

L~e vol tactique pratiqud coiramment par l'viation I~A&re do l'Armde oQe Terme Frangqaim apport&
une solution officer h l'eiploi de l'ndlicoptbre dans le milieu hostile du champ do bataille terreetra.

Cette technique particulibre engr~ndre des contraintes dane la conception du vdhirulo, do ape
4quipementm et do sea armements. lea ingdnieurs doivent en Atre conaciente avant I. premier traod sour Ia
table & domain.

lea quolques ides expoodem prdcddemment ne pr~tendont pas avoir fait le tour cosplet du problbme.
Elles no reprdbentent qu'un mimple jalonnement tond~ant I orienter lee rdflexione des techniciana qui doyrsient
so souvenir do ce que diu'sii Ie gdndrnl amdricain FULIER -. "L~s anti-conformisteasmont lee prophbtes on
fatit de tartique car ils savant adapter lee armes nouvelles".
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THE OPERI. OF MICOPTERS FRM ULM SHIPS

by

J. B. B. Johuton
Royal Aircraft Establishment,

Bedford, England.

For the past nine years the Royal Navy has been operating helicopters from its eanll ships, and
during this time numero flying trials have been carried cut. this paper aiW to set down the ,"periee 4ce
gained from these trials with particular reference to the landing and take-off manoeuvres. A brief des-
cription is given of the environment in which such operations take place, together with the types of
helicopter, the classes of vessel, and the approach technique used. The problems created by the air
turbulence around the ship, thot restricted lse of the landing platform, and the deck motion are discussed
in relation to their effect on the performance and handling of the helicopter. Data is given on power
demands, rates of descent at touchdown, and aoccraoy of landing position. Restrictions which affeev the
operational freedom of the ship are also montioned.

1. INTRODUCTIOU

For the past nine years the Royal Navy has been using helicopters u an integral part of the weap•n
system on their anti-submarins destroyers and frigates, and for vertical replenishment tasks on the supply
ships and tankers of the Royal Fleet Auxiliary Service (RiA). During this period numerous helicopter fly-
ing trials have been made to develop deck equipment and other landing aids and to determie the limits of
safe operation. These trials have been necessae7 because of the relatively small deck landing aeas
which distinguish these vessels from the aviation ships or aircraft carriers. The sin of this paper is to
report on the experienced gained, with particular emphasiw on the landing and take-off manosuvres. Most
of the information given comes from the trials which were carried out in conjunction with the Royal Navy
and with personnel from the Aeroplane and Aroment Experimental Establishment, Boscombe Down, England.

A brief description is given of the environment in which such operations take place, together with the
types of helicopter, the classes of vessel, and the approach technique used. All these factors, Including
those that are inherent to the design of the ship, influence te effectiveness with which helicopten can
be operated. This paper is oucerned mainly with those problems that relate to the helicopter and
especially its handling, although restrictions imposed on the operational freedom of the ship are also
mentioned.

As the object of the majority of the trials was to check that a particular helicopter corld operate safely
from a specific class of vessel, the time allocated was or many occasions restricted to a few days only
and the test conditions to those prevailing at the time. Nevertheless, it ia considered that the results
taken over this period of about nine years, when collected together, provide sufficient data to show
trends and to highlight the principal problem areas in the handli and performance of helicopters opera-
ting from small ships. Trials data has been given for the demand on engine power when landing-on, for
rates of descent at touchdown, and for the accuracy of landing position. Inevitably, thee. are defici-
encies in the information collected and gaps in our knowledge. Stggestions have been made on how thee
may be rectified.

2. OVERALL VIEW OF THE OPERATION

Within the UK most of cur knowledge of operating helicopters from ships at sea is derived from
experience with one basic design configuration. This is a single main rotor with a tail rotor in the
vertical plane to provide torque compensation and yaw control. Furthermore, meet of the main rotors have
had three or more blades attached to a fully articulated hub. Initially, none of these helicopters was
specifically designed for operation from the decks of ships. The Westland Wasp, developed frey the
Saunders Roe P 531 Scout, does have a special four-weel undercarriage and an extra low minina value of
collective pitcli to improve its dock-operating capability. But, in general, the pilots have had to take
the helicopter as designed and develop their own techniques and skills to suit the task of operating on
ships. But how does this task differ from other types of operation? The vessel and its superstructure
will create a region of turbulent air which the helicopter must negotiate during the take-off and landing
anoeuvres. However, turbulence can be experienced ashore, around buildings, or in mountainous localities.The flight deck of a ship is dimensionally vezy mall. But again, these helicoptere frequently operate

from confined areas ashore, for example, in jungle clearings. The differtent with the ship-borne situa-
tion is that the turbulence and constricted space almost always occur simaltUeously. In addition,
because calm conditions at sea are ran and because a relative wind can arise fvm the speed of the ship,
the manoeuvres are normally made in the equivalent of high winds not often encountered on land. A third
factor, and one that io unique to ship-borne operations, is deck motion. Ships have six degrees of froodom,
of which the angular notions of roll and pitch and the vertical heave are the more important in the opera-
tion under discussion. These can present the pilot with a moving sebt of references, which could lead to
disorientation when on the approach in poor visibility or at night, or when over the dock close to any
superstructure. In addition, deck notion can increase the difficulty of judging the rate of descent and
of the slope of the "ground". The technique adopted, if poscible, is to hover or wait on the deck until
a quiescent period of motion occurs before landing or taking-off.

This then is the ship-Lorne situations the pilot has to manoeuvre his aircraft through moderate to severe
turbulence on to or from a landing platform that is very restricted in size, and which, together with the
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visual references, can be rolling, pitching and heaving. Farthermore, this pattern of events may be
repeated for every landing and take-off.

It war implied above that the flight characteristics of helicopters were not tailored to suit, operation
from ships. This is not to say that the importance of providing satisfactory handling qualities is not
recognised - quite the contrary - but their achievement does present difficulties, as they cannot be

treated independently. The main rotor has three tasks to perform. It is required to provide the lift
force, to provide the propulsive I'orce, and to provide control forces and moments for trim and during
manoeuvres. Moreover, most helicopters are used in a multitude of differing roles in a wide variety of
climatic conditions. The design task is to obtain a rotor that has adequate lifting capacity and per-
formance together with structural integrity and the minim= of adverse dynamio characteristics under all
conditions.

Additionally, manoeuvres inherently mean changes in the power demanded from the engine because the control
forces and moments stem directly from the magnitudes and directions of the thrusts of the main and tail
rotors. This is particularly true of the yaw control which is provided by the tail rotor that is often
working in conditions near the regime of blade stall; quite modest increases in yawing moment applied by
the pilot can thus create a demand 'for a large increase of power. In fact, the amount of control available
to a pilot is often considered in terms of the helicopter power limitations. These are dictated either by
what is available from the engine or by the strength of the transmission system. Certainly, when manoeuv-
ring onto a ship's deck the engine torque indicator is an instrument that is constantly monitored by the
pilot.

3. TYPES OF HELICOPTER IN USE

Most of the helicopter designs that have been operated in the UK have at sometime landed on the
deck of a ship. Those in uue by the Armed Services and which could be expected at the present time to
operate from ships at sea are the Sioux, icout, Wasp, Whirlwind, Wessex and Sea King (see Fig. 1).
Within recent years by far the greatest amount of this type of flying has been done with the Wasp, the
Wessex (variants 1, 3 and 5) and the Whirlwind (variants 3, 7 and 9). The Sea King has just entered front-
line service with the Royal Navy and so the next few years should see a build up of experience with this
larger helicopter.

With the exception of the Sioux, which has a two bladed see-saw rotor, all the helicopters have been
similar in layout and the basic difference between these has been their size. As et.own in the table below
their mass has varied from 2360 kg. to 9300 kg.2with respective main rotor diameters of 9.8 a and 18.9 m.
The disc loading has ranged from about 170 N/a up to 325 N/In.

Gross Rotor Overall length,
Helicopter mass diameter rotor turning

(kg) (metres) (metres)

Sioux 1340 n.3 13.2
Scout 2360 9.8 12.3
Wasp 2500 9.8 12.3
Whirlwind 9 3500 16.2 18.9
Wessex 6150 17.1 20.1
Sea King 9300 18.9 22.1

The propulsion unit on a helicopter mest be regarded as an integral part of the flying control system.
These helicopters have gas turbine engines with a free turbine driving the main rotor. The speed of this
rotor is normally controlled automatically, by vaxwing engine fuel flow and hence power output, to match
rotor power absorption as either the collective pitch or flight conditions vaw. The flying controls are
operated by hydraulic power, apart from the yaw control on the Whirlwind. On this aircraft and on the
Wasp provision is made for manual reversion, but although full manual control of the main rotor on the
Wessex is possible it is likely to be extremely difficult. The Wasp and Wessex have auto-stabilisation/
auto-pilot systems fitted. The Sea King is similarly equipied.

4. TYPES OF SHIP USED

There are two main categories of ship that opert.te helicopterst aircraft-carriers and 'small' ships.
The former are a distinct class of their own while the latter comprise a great variety of shapes aid
sizes. As can be seen from Fig. 2, operation from 'small' ships would be more accurately describ.,d as
operation from ships with small flight decks. These smaller flight decks necesaiwrl" constrain and limit
the operation of the helicopter much more than the large decks of the cariiers. Moreover, as the carrier
has been purpose-built to operate aircraft, it, is likely to be sailed in the best way to suit the heli-
copter requirements. This is not always possible with the other classes of vessel, which may have a
different primary role and only use the helicopter in an ancillary manner.

Almost without exception the 'amall'ships have their flight decks placed at or noar the stern of the
vessel (Fig. 3a). This has the advantage of giving the pilot an approach path that is usually free from
obstructions. However, the vertical displacement of the deck associated with tue pitching motion will be
considerable at this position. Apart from the Tribal class frigate, the forward end of these flight decks
are obstructed by superstructure (Fig. 3b) often extending to the full width of the ship.

The majority of Royal Navy ships now regularly operas'.ng helicopters have stabilisere that limit the
amplitude of their rolling motion, although at a ship's speed of less than about 10 knots this stabilisa-
tion becomosineffective. As a general rule it can be said that for the same sea conditions the ship
motion in terms of rull and pitch amplitudes will become greater as the size of the vessel decreases.
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5. LAIDINIO AND TAI-OF?0 PROCEDUPES FOR SMATLL FLIOTa DIMS

In principle it is prefera.oie to take-off and lawl the helicopter while it In facing into the rv'lative
wind, and it is also possible, with varying daeosg of constraint according to the layout of the sh-ips,
to approach and land-on (or take-off) from any asimuth direction relative to the ship. Nevertheless, it in
usual tofollowa common pattern for all approaches, tho helicopter coming in from the port astern sector.
As the pilot usually site in the right-hand seat of tho cockpit this approach give. his the best view of
the flight deck and is also one that can be useL at night.

The operating routine can best be described if it is co.aside•rid in three pbasto - the approach, the land-
ing-on (or teke-o&f), and the handling on deck.

For the first phase the helicopter Is brought on to the approach at about 2 milesoastern of the ship. At
thpu poinS the airspeed Is Mduced to 60 knots and the descent coommnoed down a 3 glide slope at either
15 or 35 relative to the shi•p's course (Fig. 4) depending cn the particular hip's equipment. Ov~rall
Conmand of the operation is retained by the ship's commander, first of all through the Helicopter
Controller if the ship is fitted with radar, and then by the Flight Deck Officer, who mat be in visual
contact with the helicopter. Transfer of control and visual contact takes place at a range of not less
than * le.

When in close proximity to the ship the pilot brings the helicopter along-side the port beau at about
15-18 a above sea-level. He can then adjust his position and apeed relative to the vessel without fear
of overshooting into the superstructure. Tinally, he msaoeuvres the tolicopter sideways under the
direction of the Flight Deck Officer to bring it to the required positi.on over the flight deck.

In the second phase, over the deck, a hover is established with the wheels a:uout 2 m abo the deck.
Control of the operation is still under the direction of the D•ck Officer who is normally in radio com-
amnication with both the uhip's command and the pilot, but who also has hand-held flags (or Illuminated

batons at night). Whan correctly positioned and at the appropriate mouent with regard to ship notion the
helicopter is landed firmly on to the deck.

At night and under conditions of poor visibility the procedure described above is strictly ad8iered to.
Obviously there can be variations in the final flight path over the deck according to the strength and
direction of the relative wind, sis* of flight deck, type of helicopter, etc. on the assumption thnt
better performance and handling are ensured if the helicopter can be faced into the relative wind. The
degree to which this is possible depends on the helicopter configuration and on certain features of the
flight deck and of the ship. This is reflected in the limits that are laid down for each specific
helicopter/ship combination (Fig. 5) to ensure that adequate margins of control and safety are maintained.
These limits also include those to ship notion which Is important in this phase of the operation.

Certain of the individual factors that determine these limits will be discussed in gmr detail below, but
a brief reference here to the examples shown will help In setting the perspective. Thus, the Wasp with
its special short, four-wheel, undercarriage can more read•ly be aligned to the relative wind than can the
Wessex. For the latter, the distance between the main and tail wheels is larger in relation to the width
of t•e flight deck and so it is constrained more nearly to the fore and aft direction. For the cases in
which the helicopter has to land in a fore and aft direction relative to the ship then an overriding limit
of 15 knots beam wind is imposedt this is to ensure an adequate manoeuvre margin.

The directional limitation is particularly applicable at night when the sighting of the required visual
aids dictates that landings and take-offs must be made with the helicopter fauing the bows of the ship.
The more restrictive operating limits for nighttime reflect the greater difficulty in landing at night.
Incidentally, the limitation to main' forward facing relative winds for the example shown for the Wasp
in daylight is a consequence of the fact that for the particular helicopter/ship combination In question,
helicopters are not expected to take-off overor land facing, the stern of the ship because there are no
suitable visual references.

At take-off the helicopter becomes airborne in a comparatively very short time. Usually there are no pro-
blema provided that the pilot does not translate into forward flight until he is clear of the ship, hence
avoiding impact between the main rotor and various aerials, mastsetc., on the ruperstructure. This of
course ssame that the helicopter has an adequate power margin at the time. The limit in this respect
may be reached on occasions when a combination of adverse effects arise, such as hot ambient conditions,
ingestion of hot funnel gases devoid of oxygen, light winds, and maximum take-off weight.

In the third phase, the helicopter mist be Iflown' by the pilot an long as the rotors are turning, for,
even though the wheels are on the dock, the rotors will still retain their faculty for exerting lift
forces and control moments. These ar potent factors additional to the accelerations arising from
osoillatozy ship notion that tend to make the airoraft slide or topple over on deck. So once the touch-
down has been firmly established the pilot will select the aininmm collective pitch of the main rotor
blades that is available to him. On the Wasp helicopter an extra low collective posit on is provided and
future designs msy be able to produce reverse thrust. This will have the effect of counteracting the
increase in lift that can occur as the rolling motion of the &hip oawses the rotor disc to change its
incidence.

It is now normal practice for heoicopters to fly with autostabiliser equipmeat operative. It will be
neoossajr, therefore, for the pilot to switch off this equipmsnt as soon as possible after touchdown
(conversely, it should be switched on just before take-off). If this action is not taken the auto-
stabiliser will attempt to counteract the roll or pitch of the aircraft that is being impressed upon it
by the deck motion. If large amplitudes develop this could lead to pounding of the blades on the flapping
stops. Also, if not switched out, the yaw channel will react to changes in ship's course by moving or
tending to move the tail of the helicopter across the dock.
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Finally, the rotors have to be stopped, or started. In this operation, when the rotational speed is low,
the blades will have lost their inherent centrifugal stiffening. Under this condition 'blade-sailing' ma
arise giving large deflections at the tips or even an unstable flapping motion. The situation is agra-
vated in high winds, by disc incidence changes as the ship rolls, and, by vertical gusts which are some-
times created at the side of the ship and which affect the local incidence at the tips of the blades.

6. THE NATURE AND EFFECT OF AIRFLOW AROUND THE SHIP

In relative winds from ahead the airflow around the ship and its superstructure, in the vicinity of
the flight deck, is both variable and colplex in character. In general, the wind speeda close to the deck
ser lover than the undisturbed, or free-stream, value, particularly at the forward end where reveree flow
is likely to exist (Figs. 6b and o). In this region vertical dcewndraughts can occur which may entrain
the funnel gases. The presence of the helicopter rotor my also emphasize this entrainment, leading to
the discomfort of the airorew and to the detriment of engine performance. The conglomerate of =ast#,
funnels, boats, etc., give rise to eddy shedding, and vortices roll up along the junction between the deck
and the side of the hall. These two effects combine to give a band of greater turbulence extending aft
along the port (and/or starboard) area of the flight deck (Fig. 6b). The width of these bands Is dictated
by the dimensions of the forward bulkhead. A clearly defined edge to an area of more severe turbulence
occurs if this structure is built right out to the side of the hull. A less abrupt band exists when a
walkway is provided at the sides of the deck.

When the relative wind moves round to about 300 these bends of turbulence spread out over the whole flight
dock (Fig. 6c). In addition a downdreught is created on the leeward side of the vessel. In a bean wind
this 'curl over' become more pronounced, the airflow is curved over the deck and is less turbulent.
Over the deck the vwlooity may be slightly greater than the freestream value (Fig. 6d). The shape of the
hull beneath the flight deck has most effect in the beam wind case. A 'solid' hull causes the greater
disturbance, but some alleviation of the 'curl over' and sose smoothing out of the flow will occur if the
structure is out away as on RFA Green Rover (see Figs. 3 and 6d).

On an aircraft carrier, bean winds create conditions downwind of the 'island' similar to those described
;.uie for ahead winds. But on a carrier these can usually be avoided by manoeuvring the ship or landing

elsewhere on the deck.

The helicopter pilot is probably first made aware of the turbulence ad he approaches alongside the stern of
the vessel. In light winds there will be vexy little influence but above about 15-20 knots of wind oier
the deck it will become Increasingly significant. The wake froe a small superstructure forward of the
flight deck will have little effect on a large helicopter though for a small helicopter downwind of a
large structure the situation is very different. In addition to the sise of the wake its direction must
be considered. Ahead winds are possibly the least troublesome. When out to the port side the helicopter
will be flying in the undisturbed free-streom, there will then be a short transient period as it trans-
lates through the band of turbulence at the deck-edge to reach the area ot loyer velocities over the deck.
Probably the worst case occurs when the relative wind is approximately 30 -40 on the starboard bow. In
this case all the hovering and translation on to the deck will be carried out with the aircraft completely
immersed in the turbulent wake. If, at the same time, the deck size constrains the helicopter to land
facing fore and aft then the pilot may need a considerable amount of rudder control to hold tgis heading
(the mjority of decks can accept a misalignment between helicopter and ship of at leaSt 1 20 on this
heading, but for night landisg it is probably inadvisable to allow more than say - 10 ). Yet sufficient
control margin mast still rmawin to deal with wind fluctuations and for manoeuvring. Typically, in such a
case, where a sideways manoeuvre is required to be made towards the deck in an upwind direction, there can
be an additional power demand of some 15-20% (•a4s. 7a and b). This could increase if the pilot allowed
the helicopter to get too low, when he would also find himself in a region of downward moving air on the
port side.

Thus there are obvious benefits to be gained by allowing the aircraft to approach facing into wind if thil.
is possible, though there is an exception. This is when the wind is at an angle greater than, say, 20--
on the port bow, in which case an approach from starboard is preferable to the standard routine used on
the port side. Slight difficulties have also arisen on occasions when approaching directly into a strong
beiu wind. On reaching the far side of the deck, to ensure adequate tail wheel clearar.ce with the other
deck edge, pilots :ave reported a restraint on their forwerd progress. This may have been brought about
by the rotor encountering a region of higher airspeed together with an upward curving flow (Fig. 6d).
This would result in a backward and a lateral flapping of the rotor disc with corresponding tilts of the
thrust veator.

7. THE PR0BLEM OF DECK SIZE AND SUPERSTRUCTU• E

As might be expected the smaller the deck relative to the dimensions of the helicopter, in particular
those of the undercarriage and the overall length, the greater the difficulties involved. Allowances mast
be made tV cover inaccuracies of landing and to give adequate clearance between the rotor tips and vn.ips'
structure. At the present t'-me it is thought that an absolute minimuam of about 1.5 a should be allowed
for each of these two farLors. The magnitude of both will be influenced by the handling characteristics
of the helicopter, including the view and visual references available to the pilot. Good visual references
must also be given to the Flight Deck Officer, who helps to relay the required information to the pilot,
particularly at night. Estimation of distances in the longitudinal direction Is not easy and as it is
boyh difficult and undesirable for a pilot to turn his head and look out sideways from his cockpit for any
length of time, a good design aim would be to provide a clear downward view to the right front where one
undercarriage wheel could be seen relative to a transverse line marked over the full width of the deck.

Data on variations in landing positions are available from two sources. Firstly, 7 ships (mainly Leander
class frigates that operate dasp helicopters) regularly rpertedon every touchdown under operational con-
ditions at sea over a period of three months in the winter, making a total of several hundred landings.
The "errors" are shown in probability form in Figs. 8a and b. There were significant variations between
individual ships but these could have been due to the occurrence of systematic errors in observations
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that were incidental to the main operational task. Further more accurate observations have been made
during recent trials at sea. A typical result is shown in Fig. 9 but so far insufficient data of this
latter type have been collected. Nevertheless, the results in Figs. 8 and 9 both show greater inaccuracies
in the longitudinal landing position than in the lateral position. It mast be pointed out that this
information does not indicate the precision with which pilots can land on a given spot, but how they use
the space available to them within the landing area marked out.

In fact, mai,.ly because of a recent demand to jiden the operational capabilities of the larger helicopters
on some ,'X the smaller flight decks, we have changed our policy on deck makngs. No longer is the pilot
shown the area in which he may safely place his undercarriage wheels (Fig. 3b), he is now given an timing
point on the dock. Because the pilot may wish to take-off or land facing into the wind, which could be
in any azimath direction relative to the ship, this iming point is developed into a circular line as in
Fig. 10.

If the width of the fliCht deck is small eomipared with the distance ba'l-in the fore and aft wheels of the
undercarriage then the helicopter will be constrained to land and t e-off facing approximately in the
fore and aft direction. This in turn imposes a limitation on the ship's movements. •kither the helicopter
must be launched or recovered only when the ship is steaming directly into wind, or the ship maust restrict
its operations to maintain a side wind component of lose than 15 knots on the helicopter. Most of the
helicopters are nominally cleared to fly sideways at 30 knots. The 15 knot limitation Is indicative of
the inadequacy of their ruader control and of the margins that mast be maintained when operating from
ships.

Further phenomena, but operationally loes important ones, occur if the rotor-disc overlaps the deck edge.
Firstly, with side wind on the hull, vertical airflows can impinge on the outer edges of the rotor disc
and cause pulsating loads which may be fed back to the pilot's control stick. These vertical flows can
also give changes in disc tilt, and hence control moments, contrary to those desired by the pilot. The
interaction between these enviromental conditions and the aerodynamics of the rotor have not yet been
fully investigated, nor the subjective observations of the pilots fully explained. Secondly, the 'ground'
beneath the rotor ., limited in area. The usual ('infinite) ground-effect is to reduce the power required
to hover, or alternatively, to increase the lift frem the rotor for the same power. Brief tests were
carried out to check whether the fact that the deck dimensions were finite influenced the power required
to hover. A reduction was measured, but it was small and unlikely to be operationally siglificant,
especially since deck operations frequently take place in relative winds of between 15 and 25 knots, or
can be made to do so by virtue of the ship's speed. An advanteos groundeffect would in any came be
small at such speeds and the effect is soon outweighed - at about 15 knota - by the redaction of induced
power that occurs with increase of speed irrespective of ground effect.

In the past, reports have been made of loss of main-rotor lift while hovering in ground-effect close to
vertical walls. The effect has beer to deflect the rotor downwash up t* wall and through the rotor a&gin,
thus inducing vortex ring conditions. Some preliminar tests were conducted by R.A.E., Bedford, to check
whether such a phenomenon was likely to be induced on board ship. Recireculation was , tablished and the
teats showed that 'ho proximity of superstructure would increase the pilot's stick movements and power
demands although no trim changes could be detected. During recent trials at sea with the ie King a similar
situation was cý)served when the aircraft approached close to the side of the ship, more or less at flight
deck level in calm air. Sea water sprsy could be seen shooting up vertically at the side of the bull and
recirculating through the outer region of the rotor disc.

8. -Mh PROBLEM OF SHIP MOTION

The chief characteristic oi wave motion in the sea is its irregularity, and extensive simplifications
are made when considering the motion of a ship in relation to the problem of helicopter operations. The
velocities and accelerations of the deck are relevant as well as the amplitude of the notion which is
assumed to be simple harmonic. Although in avr given sea state the angular movements of the smaller
vessels may be greater, the distance of the flight deck from the effective axes pitch and roll will be
correspondingly lias. Thus, since the periodic times ar not widely different, % is found thr.t the linear
velocities and accelerations at the flight deck remain mach the same value irr peotive of ship size.
Yawing and changes in ship's heading couLd be vary significant and they are kept to a mini-in when launch-
ing or recovering an aircraft. Ships urally roll at their own natural frequency whereas the pitch and
heave notions depend among other things upon the period of encounter with the waves. For all but the very
largest ships the roll period is taken to be between 8 and 10 seconds, and between 6 and 7 seconds for the
pitch and heave.

Although in practice the wave motion is irregular and the amplitude of the deck motion is not constant,
short intervals of time occur when the movement is relatively small. It is assumed that the helicopter
can land-on or take-off at these times, even in rough seas, since the moment of touchdown or lift-off
can be chosen by the pilot and the duration of the action is only a atar of afew seconds. For these
sanoeuvres the limits of roll and pitch have been set at t 50 and 2 j respectively. For comparison ithas been estimated that in sea state 5, which cae be associated with a natural wind of about 30 knots, a
small frigate would have a roll amplitude of t 4 and a pitch amplitude of t 10, with a probability of
exceedance of 60%.

After land-on and just before take-off, the helicopter will be standing en deck with its rotors running
for say one to two mimates. Thus there is a chance that the limits above may be exceeded during this
time and it would be advisable for the aircraft to be lashed to the decks, since with rotor, turing size-
able lift oroes can still be generated. In calculating the forces and moments tat tend to topplS the
helicopter or cause i6 to slide on deck under these conditions values of the order of 8 and + 2 for
roll and pitch are taken, which in the example, would have a probability of exceedance of about 13%. If
there is a need to move the helicopter along the deck its rotors will not be turning but neither will it
be firmly lashed down. Manoeuvring on deck in rough seas is not going to be accomplished quickly ana
the pos-lbility must be considered of a deck motion of large amplitude. Values of thA order of !. 14 of
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roll and :t 40 of pitch are used which on the small frigate would have a probability of exceedance of 0.1%.
The corresponding values for heave at the above probabilities are t 0.6 a, t 1.2 m, and t 2.1 m.

Unlike landing on sloping ground ashore the pilot cannot be certain beforehand in which direction the deck
will be inclined at the instant of touchdown. He is unable, therefore, to anticipate the control move-
ments that will be needed. His roquirements will be for a control system that will give him the ability
to move his helicopter rapidly and precisely without unduly large stick movements. All the same, the best
technique is probably for the pilot to keep his 'wings level' and not attempt to follow the motion, other-
wise there is a chance that he will become disorientated, particularly at night.

Evidence to support the presumption that ship motion increases the difficulty of landing was given in
the reports on touchdown position referred to in parz. 7. Pigs. l1a and b show that the probability of
landing further away from the optimum deck spot increased as the deck movement became greater. This was
particularly so for the lateral position.

In contrast to landings ashore, the rate of descent of the helicopter will be a combination of the air-
craft and the deck vertical velocities. It could be expected that pilots would thus have greater diffi-
culty in judging this touchdown speed, leading to heavier loads in the undercarriage or possibly to over-
tonmuing of the rotor transmission in an attempt to stop or reverse way from a rising deck. That such
occurrences are rare in both a tribute to the pilots' skill and an indication that the lift control on
present-day helicopters Is on moat occasions compatible with deck landing manoeuvres. The relati.ve
velocity between the helicopter and the deck has been measured on all the ship trials and it is from these
that the curves given in Fig. 12 have been derived. The measurements were made with a high-speed cine
camera and only daytime landings are included. The curves show that the 'lasp helicopter is more likely
to produce the higher values of touchdown velocity while the Sea King will achieve the lowest values.
That is, the highest velocities appear to be associated with the smallest helicopter operating from the
smaller decks, and conversely. On the other hea.!, the curve for the Sea King is based on the siallest
number of results. It is kmown that the probability curves will move to the right as more results
become available. A possible contribution to this trend is the familiarity and confidence that pilots
acquire in their aircraft with time. Our experience from the trials is that piloting technique has a
bigger influence on landing velocities and undercarriage loads than does ship motion. In fact, attempts
to correlate the rates of descent with deck movement and with relative wind over the deck have yielded
the result that high rates of descent ar more likely to occur at the lower wind speeds and when the deck
is levell This may merely reflect the greater caution exercised ty pilots on the landing task as the "sa
state increases. More investigation is warranted such as the monitoring of the time spent in hovering
over the deck before touchdown and of the workload in the cockpit.

Other moru subjective effects of ship motion have been noticed. For example, ut times pilots tri to beat
the motion by dropping the helicopter rapidly on to the deck. It is in situations such as this that the
undercarriage needs to have good ener1 absorption properties without rebound. Vexy rapid reduction of
the main-rotor collective pitch can be detrimental if there is no corresponding removal of rudder control
to reduce tail-rotor thrust, because high side loads will then be induced in the tail wheel and rear fuse-
lage on impact with the deck.

There are occasions when deck motion can be disconcerting to the pilot at take-off. Should conditions
which require full power at take-off, such as maximum weight, high air temperature, and zero wind,
coincide with a sea swell that causes large vertical movements of the landing platform then the pilot
may find that he does not lift off the deck straight away. This will be particularly so if he initiates
the take-off at the wrong moment in the deck pitching cycle, for then the deck could be rising at a
faster rate than the h~licopter.

9. CONCLUDING RtAPJS

The task of flying a helicopter on to or from the deck of a ship differe from similar activities
ashore because the environment involves a greater degree of turbulence, a restricted space, and deck
motion. The flying control systems of the helicopters currently used have not been specifically altered
to deal with this environment, but there seem to be a general opinion among Royal Navy pilots that the
Wasp is the helicopter most suited for the task. A number of factors most influence this opinion and it
is possible that the pilot's view and undercarriage performance are taken into account, as well as the
control characteristics, freedom from ground resonance and aircraft size may be significant also. More
studies and comparisons are required to determine the importance of the various parameters and to help to
formulate criteria for the required handling qualities.

Ideally, a ship should be capable of operating a helicopter from its deck without imposing restrictions
on its freedom to sail in any direction, by day or by night, whatever the weather. Tast this is not always
achieved is shown in Fig. 13. In this diagram 100% freedom of manoeuvre would represent the ideal, 0%
would indicate that the ship could not operate the helicopter under any conditions. Mhis representation
is the result of empirical integrations of limits such as those shown in Fig. 5, including the limits for
stopping and starting the rotors, for different values of ship speed and direction and natural wind. The
restrictions can be expressed in this way because the limiting factor for present-day operations is the
ability of the helicopter to manoeuvre within the turbulent environment of a ship. To be more specific,
there are boundaries of relative wind speed and diirection beyond which the helicopter has insufficient
powar (or transmission torque allowance)to manoeuvre. Yaw control is especially demanding on the power
available, and when holding the helicopter against a side wind the limit is soon reached. This situation
is again reflected in Fig. 13 by the curves for the Wessex (day and night) and the Wasp (night) which
represent conditions when the helicopters are restricted to landings approximately in line with the ship's
heading. Allowing the helicopter to face directly into wind gives greater operational freedom as indicated
by the curve for the Wasp (daytime). Deck motion has not been found to be so limiting as was once thought,
particularly in roll. Tribute for this must go in part to the pilots for the skills and techniques that
they have developed. At the same time, the introduction of ships stabilised in roll must have been a
contributory factor.
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The task now is to extend the current operational limits towards the ideal. At present there are pallia-
tives which provide some extension. For example, if the helicopter can be placed in the lee of the ship'u
superstructure then its rotors can be stopped or started in relative winds from ahead greater than those
indicated in the diagrams. Also, the limits car be increased if the helicopter is flown at weights less
than the maximum, which is ftequently the case. This is a useful procedure when high ambient tempera-
tures and light winds are prewailing. The trials have shown areas of potential improvement. A consider-
able gain would be brought about by allowing the helicopter always to face into the relative wind. For
the larger helicopters this would require marW of the decks to be made wider - not an easy thing to
achieve. Similar gains would be made in the present restrictive night limits, not only by improving the
visual landing aids but by making them omni-directional as well. But to MrAke provision for approaches
from any azimuth direction at night would be vezy difficult. Alternatively, the advantages to be gained
by facing directly into wind could be met partially by improvements in the design of the helicopter. The
greatest need is for more powerful yaw control but an all-round increase in power-margins would also be
beneficial. Another area that has not yet received sufficient attention is the airflow around the ship.
It should be possible to reduce the eddy shedding and hence the small scale turbulence by redesigning or
repositioning masts, funnels, etc. Investigations should be made to determine the effects of superstructure
width and shape, and to ascertain whether clear spaces beneath the flight deck (Fig, 10) are beneficial.

ýuantitatively the trials have not yielded all the data that we would like. For instance, very few
results have been obtained under rough seo conditions. The requirement now is to know how the helicoptere
are used by the servics pilots during their routine flying. To achieve this several programme have been
initiated:

.(i) A Wessex helicopter is to be instrumented so that the pitch arkles of blades of the tail
rotor can be monitored.

(ii) Investigations are underway on the application of a doppler radar device to measure rates
of descent. This instrument .s small enough to be attached to each individual undercarriage
leg and will give information on night landings for the first time.

(iii) A small electrical spirit-level is on trial as a means of measuring deck motion more precisely.
Direct readings will be available to the Ship'a Command which will enable them to work more
accurately within the limits set ilown. It is hoped that the device can be used also for
recording deck motion.

I
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(Q) GENERAL VIEW

(b) CLOSE UP OF FLIGHT DECK

FIG.3 R.F A. GREEN ROVER
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AVEC LESDIX ANS D'EXPERIENCE

AVCLSHELICOPTERES EN OPERATION DANS LES ARMEES FRANCAISES

par

A.RenaudI
SociWt Nationalc Industrielle AEROSPATIALE

Avenue Marcel Cachin - 93 La Courneuve
France

11 n'est pas rare que dans les assemblies o~i constructeurs et utilisateurs sont rt~unis pour dchanger leurs Wdes,
certaines voix s'ilavent pour mettre en dvidence un fait qui semble etre universel, A savoir I'incomprdhension qui
preside aux rapports entre ceux qui fabriquent des appareils et ceux qui les utilisent. 11 a doin. semblW int~ressant
d'examiner A la lucur d'exemples fournis par quinze arnndes d'dtudes et de production d'h~licopt~res A l'Afrospatiale,
si cet 6tat de fait est cclui qui existe en France, dans ce cas, o6a it trouve son origine, ce qui a W rdalis6 pour le
faire disparaitre et ce qui reste A fair pour atteindre ce but.

11 parait cependant n6cessaire de faire une renlarque pr6liminaire importante: les rapports entre constructeur
et utilisateur different dvidemnment sensiblement selon qu'un hilicoptire est construit pour r~pondre i une demande
prdcise d'un utilisateur ou qu'un programme est lanci de la propre initiative de l'industriel. Ceci no veut ccpendant
pas dire qu'il ae faut tenir compte des remarques des utilisateurs potentiels que lorsqu'ils s'intdressent, de mani~re
pr6cise, A tin appareil.

C'est ainsi que la famille des Alouette n'a pas trouvd son origine dans une demand formelle d'un utilisateur.
Mais, petit A petit, le nombre des clients s'dtant accru, des iddes se sont faites jour qui ont dornna et donnent encore
lieu A des modifications des appareils.

C'est plutbt dans le programme suivant de la production d'Aedrospatiale que l'on trouve trace des dchanges
entre utilisateur et constructeur. Ce programme est celui du Super Frelon. Cet hdlicopt~re devait correspondre A
l'idie suivante de la Marine Fse: puisque le monde semble s'acheminer vers une pt~riode o~i Ic temps de guerre
d6clarde sera remplace par des alternances de crise et de d~tcnte, il faut disposer, en matii~re de lutte contre les4
sous-marins, d'un syst~me d'armes qui permette de connaitre la prdsence de ces bAtiments, de les suivre aussi long-
temps qu'il est ni~cessaire et, t;ventuellement, de les d6truire. A6rospatiale fut chargd par le Gouvernement fran~ats
de coordonner la r~alisation de ce systme d'armes, qui devait Wte effic'ise contre des sous-marins marchant au

moins A 25 noeuds en plong6e et capables de demneurer immergis pendant de iris longues p~riodes.

Contre un tel type de bitiment, outre l'6coute passive, l'utilisation des ultra-sons 6tait, aux environs do 1960,
le soul moyen de d4tection envisageable. Un sonar de la famille AQS-13 Cut donc retenu. Mais, compte-tcnu des
port~es de d6tection possibles, il 6tait ivident que Ic sous-marin ayant une grande marge de vitesse risquait de
pouvoir s'ichapper, s'il n'dtait pas possible de diriger. sur de nouveaux points de recherche, d'autres htdIicoptires,
lorsque l'objectif arriverait en limite de portde du sonar. Cette manoeuvre dcvrait Wte accomplie avec prk~isiomn.
avec une certaine souplesse et avec un echange suffisant d'informations. Prdcision pour retrouver le sous-marin,
souplesse pour changer le lieu de misc en station d'un hdlicopt~re pendant son transit, en cas de tent, tive d'ivasion
du sous-marin et dchange d'informations pour donner,4 A 'autre h~licoptdre, A son arrivt~e en station, la possibilit6 de

trouver son but aussi rapidement que possible.

Pour accomplir cette tiche, if fut fait appel A un radar fabriqui par Ia Soci4tW Franqaise C.F.T.H. appeWt
SYLPHE permettant de localiser, A partir d'un appareil porieur, trois autres h~Iicopt~res et de Icur transmettre des
informations coddes. La synthttisation oc Ia situation tactique 6tant de premiere importance, celle-ci Cut pr~sent.ee
sur une table dite table tactique, d~riv~e de celle construite par Ia Wt Crouzet pour le patrouilleur Atlantic. Sur
cette table apparait un quadrillage de coordonn~es grille par rapport auquel la position de Ilihslicopt~e porteur est
constamment entretenue en utilisant les informations fournies par un radar doppler. Cette position est rnatrialisie
par un petit cercle gradu6 sur lequel est repdrt.1 le cap do l'hUIicoptt~re. Les trots autres appareils sont reprs~sntts
par des croix de diffdrentes couleurs dont les positions sont automatiquement entretenues par l'intermt~diaire du I

Les objectifs, dktect~s par le sonar de 'lih~licopttre porteur, apparaissent ýgalemtent sur la table tactique, de
telle mani~re qu'iI est possible, connaissant la position de l'objectif et celle des quatre Ulier~ptilres, de dUplacer un
de ceux-ci pour pister le sous-marin. Pour faire executor cette manoeuvre, Ie commandant du dispositif envoic,
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6galement par 1'intermddiaire du radar SYLPHE, A 1'appareil qu'il a choisi, une route A sujyre et une distance A
parcourir. Ces deux elements sont entretenus pendant le transit de l'hdlicopt~re en d~placement, et peuvent Wte
modifie~s A tout moment, si le sous-marin change soit sa route, soit sa vitesse.

Ce qui int6resse surtout les utilisateurs, c'est la precision d'ensembe d'un tel systdme d'armes. L'exploitation
des nombreux essais en vol effectu~s avec des sous-marins, ont montr6 que le Super Frelon peut larguer sa torpille
MK.44 dans un cercie, autour de la position du sous-marin, tel que, compte-tenu des performances de la tete4
chercheuse de cette arnie, il existe de tres grandes chances de faire but sur I'objectif.

On peut donc conclure que Ie systdme d'armes du Super Frelon est A la hauteur des espoirs que la Marine
franqaise avait fonidd sur lui. Comment est-on arrive A ce rdsultat?

La complexit6 des dquipements mis en cieuvre dtait telle qu'il fut decide de donner plus de souplesse et d'ef-
ficacit6 aux proceidures administratives habituelles. Pour ce faire, Atrospatiale requt la tiche de coordonner les
activit~s de tous les fabricants d'6quipements et de prendre la responsabilitd de l'int6gration de tous les equipements
A l'intdrieur de cc systdme d'armes. En particulier, cette Societe devait faire tous les essais au sol et en vol permet-
tant d'aboutir A une mise au point satisfaisante. En cas de difficultds risquant de mettre en cause soit les d~lais,
soit le budget de l'op6ration. elle devait proposer toute modification jugdc souhtaitable ou tout compromis permet-
tant d'aboutir au rdsultat recherche, au moindre co~t, par exemple accepter des performances moindres sur un
6quipement, si celles-ci n'dtaient pas n~cessaires a l'obtention de Ia precision visdc pour l'ensemble du syst~me
d'armes.

Pour l'aider dans sa tiche et faire prendre A temps, par les Services Officiels, les decisions n~cessaires, un
Groupe de travail fut crAA comprenant, outre Adtospatiale et les Services Techniques Officiels, un reprisentant de la
Marine. Toutes les fois qu'il 6tait nicessaire, les fabricants d'6quipements ou les ingdnieurs des centres d'essais
officiels dtaient convoquds aux reunions de cc groupe. Celles-ci se tenaient syst~matiquement tous les mois et tous
les probl~mes non rdsolus itaient passes en revue. De plus, sous l'impulsion de ce gtuupc, il fut decide que, dans
toute Ia mesurc du possible, Ie opdrations de contr6le et d'cssais en vol seraient mendes simultandment par Ic cons-
tructeur. les Services Officiels et la Marine. L'adoption de telles procedures a permis de rdaliser, en environ 15 mois,
la misc au point d'un syst~me d'armcs tres complexe et repondant A la demande des utilisateurs.

Chronologiquement, Ie SA 330 PUMA suit de tres pr~s Ie Super Frelon dans Ia gamme des productions de
l'Adrospatiale. Cet &tppareil a 6t0 conqu pour r~pondre A une fiche-programme publide par I'Armte de Terre
franqaise en 1963 et prdcisee en 1964. 11 devait pouvoir assurer le transport de 12 hommes dquipds ou Ie ravitaille-
ment de troupes au sot ou dvacuer 6 blesses.

Ces missions peuvent ne pas sembler particulierement difficiles A accomplir et, de fait, Ie Puma fait bcaucoup
mieux que cc qui dtait exigd A l'originc, puisqu'il peut emmener vingt passagers A une distance franchissable maxi-
male d'environ 625 km et est capable d'une vitessc de croisiere supdrieure A 250 km/h. Ndanmoins. il faut bien
avouer que, sur certains points, l'Armde de Terre n'a pas obtenu tout ce qu'elle demandait.

Examinons quels sont les plus significatifs de ces points. Le plus evident est le degivrage de Ia voilure de
I'appareil. Les connaissances techniques de N'poque ne permettaient pas de rdaliser un tel dispositif, ae maniere
dconomique, en 1965. Plus originale 6tait Ia demande d'un train d'atterrissage automoteur qui aurait dtd capable
de faire di~placer l'appareil. au sol, A une vitesse d'environ 10 km/h et de lui faire franchir des fossds A bords francs
de 0,50 in de largeur ou des pentes de 12". Ceci correspondait au souci ldgitime de l'Armde de pouvoir mettrc A
I'abri et eamoufler ses appareils. Malhieureusement. Ia rdalisation d'un tel dispositif aurait Wt trop ondreuse et fut
finalement abandonn6.

De meine, tin systeme de navigation autonome, donnant une precision de 0,5% de Ia distance parcourue sur
200 km 6tait demandd. 11 aurait donne ses indications A la fois par lecture directe, sur une carte, par exemple, et
par entretien de Ia route et de Ia distance A parcourir pour rallier cinq points affichables en vol par 1Nquipage. Cet
ensemble de navigation ne put etre ridalisd pour Ie Puma pour des raisons budg~taires; par centre, Adrospatiale a fait
etudier, de sa propre initiative. un systeme momns ambitieux et donc plus dconomique, disponible A ce jour.

C'est dgalement pour des raisons financieres que l'Aviation de I'Armde de Terre franqaise a dO renoncer A
munir le SA 330 d'un detecteur d'obstaclcs. pouvant signaler [a presence de cibles mdriie non m~talliques, et d'un
systeme pemmettant Ic vol de groupe par mauvaises conditions mdtdorologiques.

Inutile de preciser que l'abandon de ces differents dquipements a etd diffic~le A Aire accepter par I'Armie
franqaise. 11 cut sans doute Wt infiniment preferable qu'un dialogue entre constructeur et utilisateur mit bien en
tývidence, avant !a re~daction de Ia fiche programme de I'appareil, les problemes de finance et de d~lais auxquels il
fallait s'attendre pour int~grer de tels systemes A un hilicoptere qui par ailleurs devait tetre robuste et devait pouvoir
Wte entretenu par des unit~s peu tdquip~es.

De cc dernier point de vue, uin gros effort a ete fait pour donner satisfaction aux utilisateurs. Un groupe de
travail comprenant des repr~scntants de l'Armide, des Service Officiels et d'Arospatiale a dtudie des le stade initial
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de sa conception I'entretien de l'appareil. 11 s'est efforcd avec succds de simplifier los travaux A exicuter pour
obtenir le maintien en disponibilitd de cet h~licopt~re et d'utiliser, au maximum, des ensembles intigrds A la struc-
ture pour faciliter le travail des dquipes au sal.

Autres motifs de satisfaction pour l'utilisateur, mis A part les performances, dont il a dtd d~jA parlt, la grande
maniabilit6 de l'appareil due A sa r~serve de puissance, qui est de l'ordre de 45%, et, dvidemnment, Ia sdcurit6 qui
r~sulte de cette motorisation, surabondante pour les cas normatl de vol. Celle-ci pormet dgalement Ic transport do Ia
charge utile maximaic jusqu'A 1500 m~tes d'altitude et 350 de tempdrature ambiante. -4

Enfin, s'il a pu apparaitre que l'Armde de Terre franqaise avait eu des vues quelque peu prophdtiques au moment
de la conception du Puma, cela est encore plus clair si l'on sait qu'ollo avait Egalement, pour cot appareil, domandt
un dispositif permettant de supprimer Ic rotor anticouple.

Comme chacun sait, cc dispositif a Etd mis au point, sous le nom de Fenestron, pour le dernior nd de Is famille
h~licopt~res de l'Airospatiale: le SA341 Gazelle. Une confdrencc particulifre traitera de co sujet intdressant. Aussi
est-il plus opportun de signaler les points qui, sur mct appiroil, apporteront, esptrons-nous, des motifs de satisfaction
aux utilisateurs.

Ceux-ci scront sans doute constituts par l'amelioration des performances, amndlioration considtrable par rapport
d cellk des Alouctte 11, auxquelles cet appareil va succdder. Citons d'abord Ia vitesse qul passe de 180 km/h A1260
en croisi~re, la vitesse maximale de Gazelle pouvant att'!indre pr~s de 300 km/h puisque cot appareil a battu Ie
record de sa catigoric avec plus de 310 km/h. Non moms intiressante est l'a.-ndlioration do I& charge utile: dans Ic
cas de l'Aouette 11, le rapport de Is charge utile A I& masse maxiniale de l'ap',areii dtait do 45% ; il devient 50% pour
Gazelle, d~s Ic dibut de Ia production, avec des espoirs tr~s prdcis d'amdliorer encore co chiffre par Ia suite.

Mais les preoccupations d'Adrospatiae ant portd surtour sur les manitres de faciliter l'enttetien de cot appareil
ct de rendre sa mise en oeuvre plus dconomique. Coest ainsi quo ses pales sont en stratifid fibre do verrerdsne, cc
qui permet de confdrer, A ces ensembles, une duree de vie infinie et a autorisd, Egalement, l'emploi d'un moyeu
rotor principal simplifiE. Si celui-ci conserve l'articulation classique do battement, Ia ndocsslt6 d'utiliser une articula-
tion de trainde compliqude, comme sur los helicopteres precedents, est 61iminte entrainant uno simplification des
opdratiens d'entretien de Ia t~te rotor. Do m~me, il a dtd possible do no pas utiliser d'amortisseurs pour le train
d'atterrissage g~nfralement n~cessaires pour tviler Ia rtsonance sal.

Comme pour Ic Puma, un groupe de travail s'occupe do trouvor, pour Gazelle, des solutions simples aux pro)b-
l6mes d'entretien courant et il est A peu prts certain quo It rapport utilisd habituollemont, caractirisant Ia frdquoncc I A
et Ia complexit6 do ces opdrations, sera infdrieur A un hommo heure do travail par heure do vol. 14'

A travers ces exemples, il est possible do d~gager ,uelques conclusions concemnant los rapports constructeur-
utilisateur. Tout d'abord, une riche-programme ost faite dans I& majoritE des cas pour un appareil qui seta en forma- -
tion, cinq A six ans apr~s; elle est, donc. basteo sur les connaissancos techniques disponibles au moment do sa r~daction
et doit tenir compte des Evolutions envisageables dans Ie courant des annsles suivantes. Enoncer cola, c'est tvident-
mont montrer Ia n~cessitt des Echanges qui doivont exister entre los Etats-Majors, los lngdniewrs des Services Officiels
et ceux du Constructeur, au moment do la conception d'un programme.

Ensuite, toute fiche-programme doit 6tro soumise A des remises i jour, car ou bien elle aura fait un part trop
audacicux sur les evolutions techniques A venir ou bion certaines amedliorations so soront dtevloppdes plus rapido-
ment que pr~vu;, dans un cas comme dans l'autro, it no faut pas hisitor A modifier los clauses techniques do l'appareil
et, IA encore, les 6changes entre los diffdrents participants du programme sont ntCfssaros.

Enfin, par dessus tout, il ne faut pas perdre de vue Ie but poursuivi, c'est-A-dire Ia mission que doit accomplir
l'appatreil. Pour y atteindre, certaines exigences iniitiates peuvont so reveler suporfiucs, par contro d'autres domandesI
peuvent avair dtE trop timides. 11 est, alors, ndcessaire do modifier l'une et I'autre, on fonction du budget imparti "
au programme; pour cc faire, il pout etre utile de crder un group,: do travail comIrrenant des reprdsentants do l'Etat-
Major, des Services Techniques Officiels et du constructeur, pour faire prendre rapidoment los d~cisions nEcessairos.

Reste un problme tras important: l'amilioration do l'extcution et Ia r~duction du nambre dos op~istions
d'entretien des appareils. 11 semble quo ce problMie soit traitE, A peu pris partout dans le monde, par une Equipc,
groupant une fois encore, des personnes des organisines ddjA cites. Inutile de dire quo ce probl~mo est abordt
avec tout Ie samn n~cessaire par los constructeurs, no serait-ce quo parce quo los helicopttres ont do plus en plus do
dibouch~s, dans le domaine civil o6a les considerations E'ornoiques sont primordialos.

Au travers de ces idies g~ndrales, il apparait quo Ia conception d'un helicapttre modemne et sa misc au point
nkcessitent un travail d'quipe soutenu auquel doivent participer: Etats-Majors, Services Techniques et constructeurs.
Cola W'est pas IA Ie traviil le mains passionnant.
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-FIABILITE ET SECURITE EN OPERATION DES P!ECES MECANIQUES -

- POUR HELICOPTERES -

Ing~nieur de I'Armemnen,. S.tSERNER
SERVICE TECHNIQUE AERONAUTIQUE-

-4, avenue de la Porte d'lsy - PARIS XVe

Ise rdflouions qni huivont no prdtmndent pas faire l'inventairo do toutos lee questions quo pose
leamploi does hdlicept~ro du point do vue do la adcuritd at do Ia fiabilitd. EU..s s'offorcont plut8t do fair*
1s point It idoboflo frangaiso des progrba rda~limds oiar co plan dane Is conception des pikeos udoaniquos pour
hdlioopt~roa.

on p auran premier abord s'dtonner do l1accont quo nous mettons, on lid consacrant cot expood,
orI.ddfaillanos des pikes a awdosnius. En offet lea collisions en vol, 1. fou do Il'nnosi, lee port** do

contr~l. do l~apparoil, lea taut.. oaraotdrisdes du personnel navigant oU u au ol, prdcbdent, ot parfola do
loin, lee ddfailancos des pikoes udoaniques done l'analyes per importance dos causes d'aocidonta ou d'inci-
dents dlbdliooptkras (tablea n9 1). Il on diooule quo 1'on dayrait slattachor h inatruire 1s personnel, .ottro
au point des diepositifa anti-coflision, diminuer Is vulnrabilitd do l'hdlicoptiro It 1'action adverse, avant
do demander an: cuistractoura dos ensembles micaniquos plus fiablos at plus #bre.

Force noun oat do constator quo Ia situation dama I& rdaliti oat us pen diffdronto, ot quo ei on
no peut star lea efforts idols fait* dam cone divers domaines, ils no portoront probablofont leur fruits qu'&
plus love torso. Par contra lea orgasms adoamiques ant Atd, a*& derni~res anndos, 1'objot do trbs nombrotasos
dtodos visant & augmentor low durde do vie on lour potontial dlutilisaticn.

Apr~s avoir souligod h l'aido d'un on den: examples lee aldas rencoctrds dune Isa ddtoxainaticn des
dariee do vie des pikes. udoaniquos pour bdlioopthres, Sons ossayorona dama wes promibre partie do prdsontor,
an non appoaat sar meo rdalisation pratiquo, on qui nons amble Stro la solution dfavonir: tl conception
I oaraotbre *fail-eat.". Dena une douzibmo partio, noun penloross do Ia qualification des bottom do transmis-
Bmicasdcaniquss at do llattributioa do leaw potential initial d'utillsation. Con sujots sant actuellomont au
coour d'un certain sombre do discussions entr* constructour at Services Oficiols franqais ot none tichorons
do prdoiser aunmien: notro optiquo doen co ddbat, on I& confrontant avec cellos, perfois assess diffdrentos,
adopt&*e dums dfautres pays.

-DETUMNNAIOU DES DURMS DE VIE -

Is fixation do la durde do vie on service dos pikeos vital*& d'hdlicoptbres travaillant h Ia fati-
gue eat un problb.o important ot difficilo.

T-%ttoa lea mdthodos rui pouvont Stre eaploydes par lea construcoture pour justifier an: yen: des
Aaatoritds ame 4edo d viaoen service tondent It prendre en considdration 1s caraotbr ldt 4re do Ia rdias-
tance on fat:1 at en consdquenoe & estiner Ia margo I prondre our Ia rdsistance moyenno pour sinternir 1e
risnue do rupture h us nivean acceptable.

lotons ddjk qu'& on Mtade, Is fixation du risque acceptable pout faire l'objet d'appndciations
trbs diffdrsntes. Afpliquor par example h uno pikce Ia "rigle Amdricaine des 3.4", consistent h prondro pow.,~
Is courbe do Vablor s01re (Voaqcino curve) 3, 1 aum merge dgalo h trois fois IU disporsion par rapport h Is
counbo msqenne, conduit I multiplier 5 & 10 fois UA dudes do vie calculds pan Is Mdthcdo ?z'angaiso (fig. n 1)
11 taut indiquar tout do suit. quo ceci as pdnaliso pas do fagan grave loa comstraactoure frangais. En off**,
Is sango do rdsistance entro uso bcane pikoe (2 000 heures par example) et anssmanvmise(100 heume) tiont h'
pen do chose. Environ 20 % do rdsistance en f atigue suppalduontaire, qui. no dipomdont sciavent que d'un domain
soignA des pike*, effort tcujcuro possible an stads prototype.

Certaims prdtmmdrcmt quo l'expdriosoe on service justifio h postdriori IU validitd do toll. on
tone mdtbod.. Is raiscamamont oat inexact. I& survie effective do 2 000 pales jusqn'& Is durde de vie fixd.
pormat aenlemeat d'affirmor qn'il y a pen do chmnces quo Io risque initial ait Atd auprienr h 1/ 2 000.
Youboir prmadre argument do ontto rdusaite pour essayer do prolcaigor Us durde do vie an, delk, com. cola pour-
rait as faire pour des pikces non vitales, constituo Is moillou meyea do rdduire Is vie des passagers.

hprbs avoir senloment aentiound one divergenes de adthodes, qui pouvont d63& modifier X elles&seules l'ordre do grandeur des dud~es do vie aocorddes, venoms on k as qui lour set comms. Dana Is ddtormlaa-
tion rationnelle do 1U durdo do via dlwe piken entre la connaissance do trois factoure do base i

- Ise contraintos asacides 71 cheque cao do vol prdvu dana Ie spectre dlutilisation do l'appareil.
- I& frdqaaonc do chacus de coo cas do vol.
- IA rdsistwne on fatigue do U& pice.

Or IU ocansiesmme de obscuii do coo trois facteura *st assocido h des &Ida$ quo l'on s'efforce do
couvrir asin ranimost do fagon satisfaimante.

Citoma-es mes illustrution qui nous semblo ame slgnificattis. Jkile concerns Ia ddgradation on
service des conditions do travail des pikoes mdcanimues.

Il slagit de Is rupture on vol d'im boubon h coil de commando do pes sur pale principal* aurvenu
au ddbut do l'annde 1969, sun am appanoil Su~ror'.relon de notr* Karine £gationale (Fig. a* 3).

I* pilot* avait dcountd as msaictin It la suits d'un niveeu vibratoire anormal do 11hdllcopthre at
soul* Ia visit* apris vol rdydla Is rupture total. do Is cage do ratuls dua bonbon hi coil.

Ise premibres conclusions do i'ozportive .ontrbront quo la rupture n14tait pass due It ian ddfaut
mitallurgique mais It des suncontraintos oxcesaivos.
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Aprbs tan examen systmactique des li'mant3 du uoyou do 1'apparoilv saws risultast, un premier vol
do contr~le mostra quo lee efforts done lea biellottes dtaient trbe supdrioures It is normale. L'dtat d'drosion
du bord d'attiaque dos pales conduisit alore & paosor quo l'saugmntation dos efforts itait due I uase anomalia
adrodyriamitue ou h tans variation du contrage des poe* duo I 1'drosion.

Les canais ultdrieuro devaiont oacitror quo Ilaucaaontat3m" brutal. des efforts poarnit rdaalter
d'uno drosion d'aspeot tout & fait normal st quo I& s~dla disparition do 1. protection anodique dare dua bord
d'attaqul siff isait h ondommagor oonsiddrablceset tout. I. chatn. do cinmnde.

I& figure n0 2 montre qu'en croisibre & 230 ka/h, on volait sau-dossus do Is VIM avee des pales
iroddo., ce qtai explique is rupture oonstat.&e.

L'dtsblisriuont dev luarks do tft ropomait saur dos contraintes mestirdes our un apparoil avo des
pales en bon itat at no tenalt pea compto do Is. dogradation due k i'drosion.

Cleat cot incident qtai a motivi U P-4o= au point dVan indicatour do contraintos on vol, instrummnt
aujourd'htd utilisd par do nombroux conatructetars. Il permet do sienaler 1ea ddgradations 6ventiaolles at
i' 'ique Is VNE effective. Touts tans edir do travatax oat par ailiotas portd star I& protection des bord.
d'attaruo des pales, travatax qul so poursuivent encore h l'heuro actuolle. I& principal* 4ifficultd set d'of-
frir tine protection off icace & i foil I&i plui. et au sable St auctane solution no somble donnor jusqu&k
prdaont entibro satisfaction.

Un douzihmo example destirid h nettro on dvidenc. lee Wais Put comportent lee udthodes sotuellos
do ddtermination des durdes do via pout *tre trouvd dane 1 'utililation do wmatdriataz reistivement nouvoeaux,
commae 1. titan* done is fabrication do pibcoo do tr~s xrmnde dimension travaillant h Is fatigue.

L'dtablisscmont do "factetars d6 'd*aclo" done 1ea matdriaux ciasseiues tole oue 1 'scier ou lea
al11ge41 igers a fait 1 ',bj~t do travataz extrbmement dtendus at constitue use dos bases do Is longue ezp6-
rienco quo I& pitapart dos constructeurs ont aujourd 'hui acquiso et gardent d'alillouxa trbs ~jalauaeuont pour
euz. Aushi no s'dtonners-t-on pas do nae voir citer ioi auctan chiffro. 1s dispersion des caraotdriatiqtuas do
tnentao n fatiguae des grosses pi~oal matriodes on titans no lour a pas loins rdserid do trbs disagrdabios tsur-
prises. Eli* pout en effot attoindro doe velotars quo lee dissections ot assais prdaisbias dtalent loin d'in-
diquor. On set conduit, an ettendant quo lea assail do fatigue star grandes pibces en titans s'accusutlont, ou
bion h di..nsionner trap largeiaont des dldmont. qui ddjk W'ont pas tan poids ndgligoablo, ou bion h adopter
doe factours d'4,hoflo "raisonnables", roposaaat our us nombro daes~sis tr~s liitit. 2orsonna no pout affirmor
aaourmd 'hti quoe Is risque qu'on accept* ainai do courir met homogoao avoc 1. niveau do udctaritd effort per
dos techniques plus 4prouvies.

Citona enfin oe quo tout 10 sands me plait h nameor lee cso d'ospkco i coups dloutil malhouroui ou
difaut mdtallurgique dciaappent h piusiours contrdles successifs. Chacua a & Vesprit au moise us ea" do rupture
on vol. do cotta nature, quo lea mdthodos do calcul no sont W~ sonados ccuvrir.

Noun pensons quo dan cass conditions, portout coa oll. oat rdallsable, Is notion do caracthro fail-
siaf dolt compliter coli* do rdmiatanco h Is fatigue.

Cette idde a ddjk donnd lieu, dane I* domain* do Is fabrication des pales, h queique. applicatiotna.
Citona l'utiiiaation du 31M ota do tout autro systi.a repolant soar is ddtactioo dtano ftaita do Pal 1e desain
do certain.. attaches do pales, camportant ume disposition judiciouso do boulons, ot tent d'autres piboos dont
Is caracthro fail-asaf no slest rdvdld quo forfultoment, & Is suite d'tun incident.

Mais Is progr~s 1* plus romarquabio nous parait ridider dane " utilisaation des fibres h baut no-
dule d'disstiocit (verre, carbon., bore). Nota. somme., pour noar part conaincus qua lee avantagoa du point
do vue do is adcuritd coat tell qu'un effort doit Stre fait pour gdnraliwer cot+* tachnologis h tan grond nc.-
bre do pi~ces mdconiques. Notre conviction ost foadio our tan certain nombre d iu~ des at do rdslisations poz'-
tant our 1ea Wasc, leas oyot.., lea transmissions.

Stur lee paes nous dirons peta, si co nlest quo ose travatai rdaliledo 1ne Is cadre du ddvelopposent
do I'appareil SA 341 ont dimnoztrd cue loe probibuol posds par I* comport-ueit dynamiquo ot la rdglage do cc
tfpo do pales pouvaient 8tre rdaolus do faqon satisfaisante. I& moulo question qu! restait on auspoas dtait
is variation dane lo tonpa dec wanctdristiousa dos fib.-tso Avec Is rectal do coo trois dern~hres manndos, ii
gamble aceuis cuo cette variation relative no ddplase en aucun cso 3 k 4 % at no dov.oit pas doaner lieu I
ineuidtuds.

Male Ie caract~re fail-safe do coo pales no fait quo roportor 1s problbmo do la rupture iventuelio
plus en omont, cur lour attache aua soyou, stir 10 .oyeu lui-seo, star Is chalno do commands, autant d'4ldments
I& caractbre asued vital quo iea pales.

Cleat h co stado qulil n'ost pout 6tre pas inutile do revonir our lea principos do I& conception
fail-safe pour voir comment silo pout asappliquor aux: pibces pour hdiicopt~rem.

D'abord on peat noter quo fail-safe aj'oat pas forcoment lynnyme do rodondazace, encore mcmls d'tans
rodondanco externo tells quo Is duplication. Trout pcuef h ponler d'ailleurs quo mottre en parali4lo 2 didmont.
identiques n'offre jasal. Ia 06ctaritd donnda par 1s simple calcul 4. fltbilitd. 11 W'est pas rean on effot do
constater Is ddfaillanco aioultand. do 2 Wiments indipendants at o~~uoet paR=li6lo. Is Ponn ddpend plus
doe Is nature does conditions do fonotionnouont critiques (vibrations, chalotar, chutat do tension etc ... ) quo du
nombre as cystbues mis en pazali~le. I& solution somble Stre du cot~d do I& supcrposltirs en parallbie d'dld-
sent@ do conceptions diffdrentes, avec des conditions do fonctiosnoement critiques diffdrentes

I* caract~rc fail-safe pout Wte ddfiaui do Is fagon suivante i

Uno pikce prdseaate us caract~re fail-cafe si Is proximit4 d'tas2 rupture seat toujouro dtootablo tan
certain temps avant Ilissusocatastrophique. Co ddiai d'anticlpatlcn dolt pormottre i& poursuite do Is mission,
at dvonttaolloinnt Is poscibllitd d'en entroprendze d'autres avant riparation.

L'alarmo pout so rdduire & us aspect eztdriour anormal, ropdrabl* aiadmoat lore do. visit.. avant
vol, h us nivoau vibratoire do Is machine inhabituel msale no mettant pas on dniagr Iidquipags, 02 prandre I&
forme d'une alarmo viguelle ou auditive.
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l~a piboes on fibres mimes au point, rdalisdes ot ossayde per 10 constructeur frangais d'b6liooptbres
l'Ahrospatiale ant prdsentd en fati"u 1. couportoment suivant t

- Rd3sitanoe on fatigue aconduimant & une durde do vie thdorique infini..

- tine ddlaminaticn en surface des fibres .t una coloration inbabituelle do l~a zone ddtdriorde mont
lea premiere kymptemos do 1 'affaibliesament do lIa pikce. lour apparition prdc~do do l'dquivalent do plusleurs
dizaines d'heurom lIa rupture vdritable do 1& pibce. 4a1Xe:fduncsporme aotmeets 4 c

- Variation des caraotdriatiques 'ynamicues do &pbesf~une rle taotsaetsic

Cosn caract~rem ant Wt jugda cow.. pleinement suffisants pour constituor 10 oarmot~re fail-safe re-
cherch4.

L'exemple d'application I. plus intdremcsnt, et sur 1oe.ua1 noue &Ilona donner quelquem Mdails, noum
seable 4tre 10 moyou 4'hdlioopt~rea semi-rigide, rdalisd on fibres do verre, ot destin6 It mupprimer loa arti-
culations do batteinent at do tratnde. La tonue en fatigue at les grandes ddfloctions permibem par as matdriau
I. pr4destinent, noum aemble-t-il, It un tel emploi.

En effot, sans rentror dana e Isddtail des problbmes lids h un rotor semi-rigid., on potit schdmati-
quoment dire quo dane 10 cascob une certaine souplease du premier mode eat aouhaitde ou inlvitable, il y a
intdrft hi Ia concentrer 1. Plus possible dans 10 moyea, on amont do 1'articulation d'inoidence. Coci pour dviter
toum loa couplages par les ddformdes staticiuea do battement ou do tratndo.

moye~L cooig~ure n0 4 reprdaonte un tel Loyeu, rMilled on fibres do vorre. Sia simplioit6 rejoint cello d'um

Co moyou comporte essentiellement i

- Un structure centrals on dtoile (1s corps do moyeu) rdalimdo on matdriau composite fibres de verre
rdsine et dont lea trois breanches constituent lea 6idments souplos en battement et trafnde, dimensionado do
fagon convornable pour assurer la souplesse ot la rdsistance requisos.

- Des articulations do peas firdos k 1'eztrditi des trams ouples, constittu~es par des polik:rm tt des
faisceaux torsiblos de retonue d'effort centrifuge.

D fea amortissours do tratnde k faible course. lour prdsenco qui. pout parottre 6tonnante nous souble
justifido tant quo dos amortisseurs structuraux suffisants n'suront pas kdt obtonias sur 00 typo do rdalisation3.
Cleat probablement unx point our lequel tout progr~s futur sera tr~s psyant.

L'utilisation do fibres h haut module d'dlasticit6 daen des pikces tellem quo loa transmimmiona
arrihres, loa isoyeux do rotors arribre donne lieu 6galement & do trbs importmnts travaux, lee avantages rocher-
chds dtant, h c8t6 de lIa tenus eroellento en fatigue et du carecthre fail-safe, I& diminution do poid*, la sim-
plicitd, l'absence de maintenance.

Main o#ms efforts consentis pour augmenter lee caraotdrietiouem do tanue en fatigue des pibces d'tbdl'-
coptbrem at cooipldtor Ia notion de durde do vie mdre par cello do caractkro fail-s'lfal to sont qutune partio
d'uno pr4occupation plus gdntiralo qui eat l'augmentation des durdos d'utili'.ation des oensemblesm iacanicues.
Ceux-ci comportont un certain nombre d'ensembles do transmission, do renvoim at do r~ddotours auxquols il con,.
viont d'accorder une attention touts updciale.

- QUALIFICATION DES ENSF34BLIZ DE TRWNSJ'ISION -
-AT1TRIBUTION DE LLEUR POTENTIEL INITIAL D'11rILISATION -

Cleat au'un certain nombro do contraintes nouvellem mont venues mensiblement bousculer lea habitudes
prises doans ce domaine. Co sont principalomont :

- les spectre& do vol tr~s sdvbres caractdristiouom du vol tactique & proximitd du sol, ot dont lee
rdporcussions our lee mdcanioues arribre3 sont considdrables. Lee ddplaceaents tactiques comprennont aujourd'hui
un nombre do manoeuvres on lacet dlevd, cui pout s'avdrer comme lldldmont ddtorminant done s 10diansionnemsnt

- La ndcessitd do ddmontrer des durdos do vie infinies pour los pignons do la botto do transmission
principals, at une durdo do vie supdrieure, It disona W0 000 houres pour loin pigeons de Ia transmission arribre.
Coo demiere sont on effet amonda It travail.lar sous dos efforts qui endommagoront foredment no strait-co quo do
fagon temporaire, at garantir uno durdo do vie thdoriquesent infinie reviendrait k on faire des sonatres.

- La tendance h off rir aux utilisateurs, dana une machine qui as vout rdussis, des potentials imi-
tiaux entre rdvisions les plus grand* pomaiblom. I 000 houres 6tant considdrdes come souhaitablem, ot 2 000
houres satiafaiaantos.

- Enf in Ie cadre do cooporation international* dons lequel Ia plupart do nos machines mont rialisdea
et 10 aeront probablement It l'avonir. Il faut ozuvisager qu'uno bolte do tranamission soit do,.inde par un bureau
d'dtudo frangais, miss on gem.. par un bureau spdcialisd italion ot fabriquioeon Grendo-Bre tegna. On couprendra.
qu'en dehors des difficultdo do langago, dos problbmos puissant surgir do cot dolatmemont V. set essentiol do
vdrifior lIa qualitd d'une fabrication our une base accoptAo par tons lea coopdrants. SinorA, on no pourre dyiter
cue l'un netteouar le compto des caractdristiquos du mutdriau as quo 10 douzi&.e imputo 1. lIa largosse des told-
rances ot 1. troiaibmo au dimonsionnonent m~mo des pi~ces.

Devant ces nouvellon exigences, force nous .ast do constater quo los procdd/s actuela do oualification
et do justification des potentiels initlaux entre rdvisions sa'avrent caduquos.

Ceux-ci reposent sur 3 points £

- Justification en fatigue par 10 calcul.

- rssain d'enlurance Rki aol et en vol.

- Essais d~ ts do "surpuissanco".
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- La tenue en fatigue dea pignons eat juntifide par I0 calcul. line ontarso important. eat cependant
faite h is rbgio sacro-cainte du tiers (1/3)*. On so contents en effot do ddmontrer quo lea contraintes calcia-
Idea sont infdrJieurea h um nivesau considdrd come admissible par lea rAglea do Veart, nivsau qui as situ* plut8t
h is moiti4 (1/2) de la limits de fatigue moymnne dua pignon qu'k son tiers. Noun avona Juaqulk pr,5spnt, en temps
"ýue Services Officiels, toidrd cetto justification. I.arguAent essentiai oat que llexpdrionce accumaldo par 1s
constructeur i'Adroapatiaie dana Is fabrication des engrenages eat conaiidrsble et We'st Jessie venue infirmer
cette mdthode, du msome, et cetto remarque eat important@, tant quo esi conatructeur 4tait wu~l on cause. Cot
argument deviant lisaucoup piua discutabie dba quo i'on envisage ian cadre -'travail international.

- Le comportement en service des roulements, joints, floctors, paliors eta... eat Jvgd par des essais
dits d'endu~rance, effectuda pour uno part en vol et pour uno autre part au. bane &out los clarges usuollos ron-
contrdes en service. la r-bgie oat simple. Pour justifier par exemple 500 houres do potential initial entre rdvi-
atona, ii Taut avoir rdalisd sane d4tdr3 oration des pilaces

Banc i ensemble 1 000 heures

Vol t I ensemble 500 housesa
(+ 1 ensemnde 500 hourei

TOTAL* ...... 2 000 heures

-Cette rAgle nous semblo mdriter Is criti-ue suivante alols conduit i des sasais longs ot codteuz,
dont Is valour statistir'ue eat h priori diacutable.

- Enf in ian troisibme ossai dit do "surpuiasance", ou do "qualification" au court duquel on applious
ha 1' ensemble pendant environ 100 heuras des chart-A plus adv~res quo celles rencontrios on vol sans exedder
115 ý- do Is puissance maximale au ddcollago. lea ddt4riorationa do roulomonta sont toldrdos. Lee ruptures5 do
pignons ne 1. sont pasi. Iorw'u'on a'interrogs our Is signification do cot essai, on constate qu'il on a Vago
certaine t ddceler ,no erreur groasi~ro do 'jonception ou do fabrication, faisant ohutor Is tonus en fatigue
d'un ensemble d'au noina 30 h 40 %e Loraque los roulements subissent cot sisai sans dossage, ce qui nWest pas
exigd, ii constitu' de plus mne bonne prdscmption sur I& rduaaito do Is botte. Sane pouvoir en conciuro plus.

- Devant ios critiques dont cetto fagon do proedder pout fairn i'objot, ot devant loa origoncos
nouvelles quo noun avona souligndes pius haut, nous aurions tendanos k ddfendre aujourd'hui, Is propr~sition aui-
vanto, qui noun sesbis plus raisonnablo :

- Justification de Is tenue- an fatigue

On revient & Is r~gle traditionnelis qui autoraso Is justification par Is calcul quand 1.e contrain-
tea caiculdes sont lnfdrieures au tiers de Is contrainto limits mconene. Dans lea autres can, Is justification
en fatigue dua couple do pignons incrimind dolt fairs i objet d 'un essal our bane do fatigue dit "Universal"
(fig. n0 5). Car ii no reprend do Ilonseabls couplet r-wt Is co~aple en question, area sna roulementa originaux

ou des roulosento renforoda. U. but do l'essai eat do prowoquer Ili rupture on un anobro do cycles voisin do
106 on applinuant les charges correspondants@. Les rhiultata do lo*sasi permettent Oasuit%5 per lea .dthodos
do caicul habituellos, do remonter aux charges admisaibles avec ian risque aceptable (107

Ddcrivona IL titre d'ovmaple Il'esai d'un jeu do 3 pignonn s

Deux joux do piptnona sont en fait essayeasaimultandu'nt dana doux bofteom A ot B. Ion 2 pignons 3
qui engrbnont avec lea pignona libros 2 sont solidaires d'un mime arbre tandla nue Ie pignon I/A eat montd our
uai moyeu powvant Stre immobiliad on rotation.

La mime pignon 1/B oat solidaire d'un arbre libreoen rotation travorsant do part en part Is pignon

11 eat alors possible d'introduiro dand is chatno sinai nonstitudo in couple atatique do torsion
en faisant pivoter 10 pignon at en mairtenant fire l'autro oytrdmit6 do Is chatn. soit Is moysaa portant Is
pignor. 1/A.

lee mises@ on charge sont effectudos au moyen do 2 bras de leviers, l'un dquipf damse controficee
fixde rigidemont sur Is biti, i'sutro d'un virin permottant Ia rotation du pignon 1/D.

Le couple a.~roduit done Is chatne oat mainteni par asic cab* bloqude entra lea deux bras do levier.
Is controfiche et le ydrin pouvent ennuite 8tro ddsolidariads.

La chaf no sat alore libro on rotation.

L'un des doux bras do leviors oat accoupld h ama oxcentrique rdgli do tells fagon quo 1 'sngrimeaont
sur lea pignons 2 sleffectue our ian minimum do 5 dents co qui correspond su. ddgeagement total au moins do 2j
dents dquipdea do poates do Jauges extenwoudtriquaeot i une rotation du pignon do ;t 120.

-Easais d'endurs-=6 I

Dan& I& meanureo a lee enzsables adcaniqiaos ddpendont, du point do weo do lour endurance, do Is tUmas
des 6idments lea plus frogiles : lee roulaments, 1'. est posaibie d'6t~blir isis relation entro In durdo do vie
4 fiabiiitd donnde do csux-ci .t Is nivoau des charges appliqud pendant Ilosasi. I& formso do cotte relation pout
Stro diacutdo main Is piupart des apdcialistes sa'acordent pour proportionner Is durdo do vie sau cube do is
charge dynamique appliqude.

On pout dana eca conditions racourcir sensiblomant Is durdo dos ossais d'endurarvto en appiiqiaant
ian taux de surcharge convenable. Ceci dovrsit conduiro h des "amps do rdaction plus courts dana 1. cam oh aM.
modification stavbro ndcossairs, mais aurtout permottro l'essai d'aaa plus grad nombro d'eneemblesaet ratablir
Is valour statiatiquo de is justification.A

line contrainte infdrieure au tiers do Is limit* db fatigue Loyenno do i& pibce oat jugde eome apportsnt am
endomnagomont nul.
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Laocdldration imprimdo h l'ommai. ddpond dui taux do surcharge jugd come acceptable at qui 00 Bitue .ils
mux environs do 115 % do I& puissance maximal. au ddcollags.

Au dell deo on seii, I& conformit6 des ddformtioma no pout plum Atro assurdo, ce qui enl~vorait4
uno parti. do sm velour I Veselma.

lea ensembles micaniques qui dquipent lea hdlicoptbron actuesl psuvmt pardtondre, a'ils sant rdusais,
miritor une attribution iaitial. do potential entro r~visions supdrioeuro ou dpeal & 1 000 heurec. Co. progrbe
mont due non noulaeont au scoin ports cur la fimbilitd globalst dim 1. stado do !a conception main aussi & llemploi
do plus en plus gdndralind do moyens do contr~lo toel que : bouchon magndtique muimi d'uno alarm. cabins persa-
mont., analyze cpoctrcmdtriqua des huilom par prdlivomentu, analyze des bruitaclongronagoc, etc... Can moyens
do contr~l. acciaront Is carsctiro "fail-safe" dos bottom do transmission, au cons oba noun Ilentendons. Encoro
convient-il do 10 vdrifier au cours d wi esemi. L'.mcmi d'enduramoo accdldrd en surcharge noun momule tout
indiquid pour manswor co r~le.

- Quand i Il'omai dit do "qualification" nou3 corionc tout dicpcmdo dane cotto mouvollo optiqus...
k 1s cuppriser. Cortaina ponceront i l'appliqutr pour justifier l'dquivalenco do qualitd ontre plumiourm four-
nimmours. Maim nmci avans ammom dit qu'il oat coulemont capable do faire apparattre lorsquoelloc euistent lea
divorgonces do qualitd do groca. amplitude. 1. res3t. paceera imaperqu.

-CO!MUIWScV AREC LES TMARCHES LJdRCAIME ET BRITAJINIQUES -

Justifications andricainom. '

Noun ponmonesmavoir quo Is pluport dec constructsurs amdricaimc jugent quo Is justification on
fatigue des pignonm par le calcul got muff imanta. Noun irnorcns loin marges do edourit6 primon maim en tout

tAnt de cause, l'homogdnditd do leur fabrication pout expliquor uno tell. approcho. Cetto homogdnditd risque
do no pas as retrouver danm des progrmom corigus h l'dchollo ouropdonme at faimant simultandment appol & Im
tochnologi. ddvelcppd done plamiourm pays.

Par contra lour philocophis on on qui concern* lec ommais d'omdurence not tout h fatit momblablo A

h Ia n~tro, du coinm on co qui conconao lea tendancom d'mvonir.
JuatificAtions brtnius

oms constnuoteuro britanniquom pemmont qu'il fau. appliquor mu: bottom do trensmiccion, conmlddrdem
como ian tout, I* leas mmArgle, on co qul concerns la justification do lour tonuo on fatigue, nuo pour toutoC
lea autrom pibooc udomniquoc.

Coci conduit k dom essais on surcharge eztz~mosomt advbrem, ian factour multiplicatif dlenviron 1,7
dtmnt 9ppliqud mu: charges do vol momurdoc pndr~t ian. containo d'hourom, ou plus omatomont l'douivalent do
5 z 1 0 cycles our 1s pignon 1. plus lent. (On pout, % titro do comparaimon, indiquor qu'un oassi d'.nduranco
offoctiad avoc ian faactouir d'acciliration do 4, conmiddrd come un maximum, (100 houres mu bano a 400 hourem on
vol) mignifiorait quilcn applique ian factour multiplicatif cur loin charges do vol do 1,6. Cola situo I& riguour
do Ilomami do fatigue amglais. la question qulil poso oct bien ofr coll. do sa conformitd l, 1no~t probable
qu'un onmomblo travaillant dama com conditions extrdwm pout donnor limia k des ruptures dont l'origine pcur-
rait Stro icputdo h & 3*ddforatiom statiquo d'un carterou o ut mauvais rdglage d'uno portdo do denture. Ausmi
doit-il Probablomont faire Ilobjet do rdglaem ou do rigidifications apdoiaux, intervnvrciims dont Is mature
pourra toujours pearmtro suspects.

otplm Si leo britanniquec ont lour conception propre relative k I& tonue on fatigue des pigeons, £10
snplsprocasa do cnwo en oe qui concormo bun camportomont on endurance. Ila no momblont pas copondlant

disposdo k utiliser Is possibilitd dlmccildrer loins ommaic par des tauz do surcharge approprids.

Notr, tour dMorison mormit inc-iaplet mi noum no mstionninas pas bri~vomont lea problimom mpdcifi-
ques mu: ensemiolem do transmissicn arribro.

Lo disonsicanemont et lIts ommais qui lowa scut relatif a dovnaient, k notre sons, tenir ccmpto des
2 oxigencoc suimautom i

- Is cam do vol permanent 10 plum ondoomagant, q%4. oct Ia plupart du to~ps 1. vol staticnnaire mu 4

niveau do Is nr avoc vent latdaml, doit conditionmor 10 dimonsionnemont du point do vwe do l& tome. on fati-
Va des pikco.m

- Ism manoeuvres do least, lorequ'olloc mont rdabiuables par bs pilots Anne restriotion artificieblo
mur lour brutalit4 d'application ou mur Is couroo maximal. des palonniera peuvont provoquor I& rupture on fati-
guo tomporairs, coeat k dire & foible nombre do cycles, d'im 4ldmont do la trnsnmission. Il eat ndcommaire done
ce cam do Ydrifier mu mol qu'wa nombre do manoeuvres bion supdniour (5 & 10 foim) I colui pouvmnt ftwo rdalied
on vol pondant Is durde d'utilimation do l'appareil, no provoque pas Ia rupture dlun lMoant do I& chatno.

-CONCLUSION .

Daum I& promibre partie do cot orpood awue avona omano do montrer qu'une pikeo adoanique rdputdo
mdre on fatigue Wnot Wa & Ilabri dluno rupture on vol. at quo mas conception pout Str* considirablement awd-
liorde cur ce plan, en particialier par Ilutilicaticm do satdniaiar & bout module d'lluticiti. IOns avoms £1-
lustrd cotta pommibilitd par 1& descoription d'un soyeu momi-rigido on fibres do vonre.

Dama ime doiuxiimo partial noun avona wacligad lee inseafimanoes do. mdtbodes actiaollo do qualifi-
cation des ensembles do transmission mdcanique. Noum avona prop~od weo ddmarcho plum inoucioumo do s'adaptor mu:
oxigencoc pertioulibrem do Ia fabrication lorsque cofle-ci prand l'dcholle surcpdomnw. £1,& awe parmtt do plus,
mioux pouvoir m'adapter & is oaractbre essential do ba rdummit. dlun appareil i I& justification d'un To*tontiob
initial ontre rdvisions "paaonut Io cap do. 1 000 beuree.

Rappolons pour conolures quo coon rdfleuicns ne prdtandaiont qumaborder le* problisiea dvoquis plum
haut. Si nouo monms parvenu@ h voum faire sontir quo I& plum gromma partie do travsil restait swcore h& coca-
plir, nouc aurons, attoint It principal objet do cot oxpood.
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-r-TABLEAU 101-.

REPARTITICK 35 CAUSES D'ACCUIMTS NOWTILS SUR HELICOPMME

ALOUETI (i fin 1969)

Cables amn ballads .t ligns 24 %
khaute tension i

Conditions au m~tdool quos t 22,8 I

Yon respecot des coasipnes do 1,
Pilotage 1 65

Non respsot des consipos 11,4 %
d'entrstien I

Collisionen 4Vol 1 6,3 %

Niasion do smrvillmne" 1 6,3 %

fereomal transportd 1 5,1 5

Difai12enoe do I& turbine s 5,1 %

Inuldont udoamiqus ou struotural 1 2,5%5
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GREATER SAFETY, MAINTAINABILITY, AND RELIABILITY
THROUGH IMPROVED HELICOPTER FLIGHT TESTING

by

Gerald E. Swecker
Lieutenant Colonel, Commanding

US Army Aviation Systems Test Activity
Edwards Air Force Base, California 93523

SUMMARY

This paper presents significant data obtained from flight test programs recently and presently being conducted by the
US Army Aviation Systems Test Activity (USAASTA) at Edwards Air Force Base, California. Greater safety, maintainability, and
reliability are being assured through constantly improved flight testing techniques and the use of state-of-the-art instrumentation,
data acquisition, and data reduction equipment. More stringent helicopter performance criteria are placing greater demands on the
test agencies to devise new methods and procedures for collecting and analyzing data.

Included are such programs as the AH-IG (Cobra) helicopter and a simplified approach to finding height loss during
dive recovery from throttle chops; recommendation of limiting AH-IG tail rotor control; OH-6A "g" loads experienced at high
frequencies during weapons firing; recommended pilot cues to define a safe AH-IG envelope following engine failure; investigation
of large sideslip and pitch excursions following throttle chops in the TH-55 helicopter; identification of requirements for AH-IG
instrument-flight-rule (IFR) evaluation; results from OH-58 and AH-IG helicopter height-velocity (H-V) (autorotational) testing with
discussion of application to operational use; and AH-IG maneuvering limits from return-to-target profiles.

Tests conducted with the AH-IG helicopter determined time return-to-target time, height lost during pullout from a dive,
and other maneuvering characteristics. The concept of energy maneuverability has been established, and significant data have been
added to the literature. Test data have been obtained from the OH-58 instrument panel vibrations in the frequency range between
50 and 2,000 Hertz (Hz). During normal flight and while we.pons are fired, significant "g" loads have been observed at high
frequency, which may contribute to aircraft instrument fatigue and human hearing loss. These test results have indicated the need
for sophisticated instrumentation to obtain high-frequency data.

INTRODUCTION

Today, greater emphases are being placed on research, development, testing, and ultimately on the production cycles
of combat hardware to obtain the most "bang per buck."

As it develops within the state-of-the-art, USAASTA must seek constant improvements in flight test;.ig techniques and
must explore areas heretofore touched only too lightly by the flight test community, especially in the developmental testing of
helicopters and light conventional aircraft. These considerations become even more significant as we move into the advanced V/STOL
category which includes the AH-56 (Cheyenne) helicopter as well as other advanced aircraft design concepts.

THE US ARMY AVIATION SYSTEMS TEST ACTIVITY

Mission

The official USAASTA mission is "to plan and conduct engineering flight tests of air vehicles developed and/or procured
as integrated systems, and those proposed or considered for Army application or incorporating advanced concepts having potential
military application; produce test data on basic air vehicle performance, handling qualities syste'n/subsystem interface and integrated
system performance, maintainability and reliability."

History

As originally identified, the US Army Aviation Test Office was established on 2 May 1960 at Edwards Air Force Base,
California. The late Lieutenant General William B. Bunker, then Commander of the Transportat-on Materiel Command, St. Louis,
Missouri, has been recognized for his vital role in establishing the Test Activity. Its creation marked a significant step forward
in the Army's aviation growth and movement toward eventual control of aviation materiel procurements.

The US Army Aviation Systems Test Activity has expanded from a handful of personnel perfarming liaison and monitoring
of Air Force flight tests on Army aircraft to an organization with 193 military and civilian personnel with the full capability
of performing engineering flight tests and publishing the test results. During the interim, progress has been marked by organization
restructunng, personnel increases, and name changes from which the organization has evolved into USAASTA as it is today. Currently,
USAASTA is directed in the accomplishment of its mission by the US Army Aviation Systems Command (AVSCOM), St. Louis,
Missouri.

Organization
The US Army Aviation Systems Test Activity is currently engaged in the engineering flight test of all aircraft introduced

into the US Army inventory. The organization has been structured to permit relatively independent operation as a tenant activity
on Edwards Air Force Base, California. A manning level of 193 military and civilian personnel is now required to manage an
average workload of 40 to 45 flight test projects. These test projects are conducted by the use of the team concept which includes
a Project Officer who operates across organizational lines to obtain support through coordination with USAASTA subelements
and outside agencies as required. The team specialists are the test pilots, engineers, data techniLians, instrumentation technicians, I
support pilots, aircraft mechanics, and assorted administrative/logistical personnel.

Project test teams are "tailored" to meet work requirements and will vary in composition throughout the various phases
from project start to completion. Test projects range through the classical phases of planning, instrumentation. flying, data reduction
and analysis, report writing, and publication of the flight test report the ultimate mission objective of documenting flight test
results. The USAASTA reports receive varied and broad distnbution which includes appropriate government and commercial agencies.
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The US Army Aviation Systems Test Activity operates from 136,000 square feet of hangar and office space at Edwards
Air Force Base. Annually, the mission budget has been allocated between $2.3 and $2.5 million, with direct test project expenditures
reimbursable through airframe program managers - our primary customers.

Additional funds (approximately $2.0 million) were obtained over the past 2 years to procure an advanced instrumentation
and data acquisition system (AIDAS) which provides a quantum improvement in data acquisition and reduction. Currently, the
onboard aircraft fleet consists of 10 assigned support aircraft and 12 attached test aircraft. Types and models represent the total
US Army inventory of air vehicles, with some additional nonstandard types such as the T-28B (Trojan). the C-47 (Gooney-Bird),
and the F-51 (Mustang) - all of wnich were developed during the 1940's.

RESULTS OF RECENT USAASTA FLIGHT TEST PROGRAMS

General

As previously :nentioned, USAASTA has constantly searched for new methods ind test techniques from which test data
may be obtained to confirm requirements for improved safety, maintainability, and reliability in aircraft design. Previously, the
criteria for safety were verified by airworthiness and qualificatih:i test programs based on the determination of structural integrity
of the airframe, propulsion system reliability, aircraft performance, and handling qualities characteristics. Recently, however, the
criteria have been verified by collecting and analyzing data to substantiate critical hover ceilings, autorotational capabilities, maneuvering
capabilities, and the effects of vibration on aircraft systems and components. To date, USAASTA has explored many of these areas
by developing test techniques that produce high-quality data and has also successfully analyzed the results.
Hover Capability

Traditionally, the assessment of hover capability has been included in helicopter performance flight tests and a great
deal of effort is spent in achieving precise steady-state hover test conditions. Today's requirements, which include elevated density
altitudes and assurance that adequate control margins be available at the critical hover ceiling, place even more stringent demands
on the evaluator to develop new techniques which must often be devised to test for new criteria.

As an example, the AH-IG (Cobra) was found to have inadequate directional control at high referred gross weights (W/o)
during early Army evaluations. A test program was devised to measure directional control requirements in translational flight at
all azimuths and at a variety of skid heights within ground effect (reference 1). The results a;e illustrated in figures I and 2.
It was found that critical combinations of skid height and azimuth could be established which, when combined with a criterion
requiring at least 10-percent remaining directional control, would define maximum hover capability. The resulting hover ceilings,
as limited by installed power and adequate directional control, are contrasted in figure 3.

It is suspected that the hover flight envelopes of other helicopters should be similarly restricted in order to provide
adequate controllability. The US Army Aviation Systems Test Activity completed tests of the UH-IH for the Air Force during
August 1971 which indicated that both longitudinal and directional control requirements may limit hovering in winds. Analysis
of these data is continuing, and a report will be published in early 1972.

The next generation of Army aircraft (HLH, UTrAS, etc.) will have even more stringent hover condition specifications.
Application of the US Army Combat Development Command criteria (reference 2), for example, will require new test methodology
to confirm vertical climb capability at the hover design point. The USAASTA Project No. 68-55 is presently underway to develop
this methodology.

Height-Velocity

One of the most difficult and dangerous types of flight testing involves the determination of height-velocity (H-V) envelopes.
These profiles define safe operating regions in the low-speed, low-altitude portions of the aircraft's flight envelope. The US Army
Aviation Systems Test Activity has actively investigated H-V charactefistics since 1968, and has developed significant new approaches
to H-V testing.

A flight test program involving the UH-IC helicopter (reference 3) was conducted in attempts to predict, in advance,
the H-V envelope of a given test aircraft. The program proposes that the H-V maneuver be considered in several discrete segments:
throttle chop, pushover, stabilized autorotation, flare, and touchdown. Characteristics of each of these portions of the maneuver
can then be analyzed and tested separately - away from the ground - to gain insight into the total maneuver performance.

The concept of H-V testing which has evolved at USAASTA is one demanding preflight analysis, rigorous test procedures,
and the extension of test results which are considered reasonable for use by the operational Army aviator. Existing analyses of
H-V performance (references 3 and 4) have been found to be of limited accuracy in predicting either maximum achievable or
operationally recommended H-V envelopes. Consequently, an extensive analytical effo-t (USAASTA Project No. 68-25) is underway
to improve prediction capability.

Two recent H-V test programs have examined the OH-58A (reference 5) and AH-IG (reference 6) helicopters. Several

procedural developments from these programs include the following:

I. Entry condition verification and control via ground-based theodolite operator.

2. A trained test pilot acting as ground observer to augment pilot comments.

3. Video recording with instant playback capability.

4. Observation of the performahce of the standardization instructor pilot (SIP) in order to define probable operational
techniques.

5. Point-by-point analysis of aircraft energy states, handling qualities parameters, and test results.

During the OH-5.A (Kiowa) H-V test program, the maximum H-V performance was established for two gross weights
and three density altitudes. The results, shown in figure 4, indicate that the H-V profile varies in magnitude with gross-weight/density
ratio. The data reflect a 2-second delay between throttle chop and initiation of pilot recovery, essentially utilizing uniform pilot
technique. Figure 4 is considered by USAASTA to reflect "maximum" H-V performance for the OH-58A.

,,, mI I !SNOW-
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To derive operational H-V curves, the performance of two SIP's was observed. They were asked to perform school maneuvers
as well as entries from unfamiliar speed and altitude combinations. Data were recorded during these flights, and typical SIP responses
and performance were recorded. Additional flights were performed by the USAASTA experimental test pilot to apply SIP constraints
and to derive an operationally realistic H-V curve (figure 5).

Similar H-V tests were performed on the AH-G (Cobra). The H-V curves were obtained at different weights and altitudes
and appear to generalize with gross-weight/density ratio (figure 6). The recommended operational H-V profile requires substantially
higher airspeeds at the knee than does the present handbook curve (figure 7).

One consequence of the F-V testing is a recommendation to correct presently inadequate flight handbook data. The
flight handbook narrative discussions of recommended pilo. procedures are in particular need of revision for several aircraft. It
is anticipated that inclusion of USAASTA data will result in improved training, pilot awareness, and operational safety.

Before leaving the subject of height-velocity, it is worthwhile to mention one-engine-inoperative (OEI) H-V tests. Historically,
these tests have proven to be the most dangerous of the H-V programs - this is possibly due to:

1. Pilot overconfidence.

2. Engine response peculaities.

3. Vortex ring state encounter.

The US Army Aviation Systems Test Activity has successfully performed OEI H-V testing on the CH-47B (Chinook)
helicopter (reference 7). At the present time, plans are being finalized for the testing of the CH-47C (USAASTA Project No. 66-29)
and thc CH-54B (USAASTA Project No. 71-01) helicopters. It is intended to develop realistic operational envelopes suitable for
open'tional Army aviator use for both of these aircraft.

Autorotational Entry

Early test experience as well as reports from operational users of the AH-IG helicopter indicated severe aircraft responses
associated with engine power failure at high speeds. The USAASTA Project No. 70-25 testing was conducted to quantitatively
evaluate the response of the AH-IG helicopter to simulated sudden engine failures (reference 8). Aircraft response to simulated
sudden engine failure was characterized by rapid roll attitude changes and rapid main rotor rpm decay rates, both of which were
unacceptable at the maximum engine torque settings. The severity of the aircraft response at a given speed is primarily a function
of engine torque at the time of failure, as is seen in figures 8 and 9.

It was found that the AH-IG helicopter failed to comply with both the present and proposed military specifications
for flying qualities of helicopters with regard to autorotational entry at high-airspeed/high-torque conditions. However, the present
Military Specification, MIL-H-8501A, Helicopter Flying and Ground Handling Qualities: General Requirements For, does not fully
or realistically prescribe a safe operating limit for this class of helicopter. Analysis of the test results produced a relationship between
entry airspeed and engine torque, anc the maximum delay time which can be tolerated prior to corrective pilot input (figure 10).

It was recommended that the operational envelope for the visual-flight-rule (VFR) daytime flight conditions for the AH-IG
be limited to those combinations of engine torque and airspeed where the pilot recognition and reaction time is at least 1.5 seconds,
and the bank attitude change would not exceed 40 degrees in 2 seconds. It was also recommended that the night and low-visibility
operating envelope for the AH-IG be further limited to those conditions which would safely allow a 2-second control delay.
Application of these recommendations should result in increased operatiornal safety for the AH-IG.

Autorotatlonal entry problems have also been reported by the Army Primary Helicopter School at Fort Wolters, Texas,
on the TH-55A (Osage) helicopter. Abrupt pitching responses were being experienced in addition to the more classical yawing
and rolling following a throttle chop. Several accidents had been attributed to this undesirable characteristic, and USP ASTA was
asked to investigate.

Very early in the test program, it became apparent that the pitching phenomenon was not a result of engine power failure/airframe
dynamic response. Rather, it was an inherent static stability characteristic which was aggravated by stabilizer dihedral and weak
aircraft directional stability. Because of the weak side-force characteristics, it was very easy to fly with as much as IS degrees
of right sideslip while the pilot thought he was in trimmed flight. The result was a significant change in tail effectiveness and
angle of attack when the helicopter yawed outside the iotor wake following a throttle chop. This condition caused enormous
changes in tail angle of attack (from -10 to +30 degrees) resulting in rapid nose-down pitching - an extremely unhealthy situation
at low altitudes. The Fort Wolters training profile is predominantly flown at 500 feet. Time histories of this maneuver are shown
in figure II.

The US Army Aviation Systems Test Activity modified its test program to include development of a more suitable horizontal
stabilizer for the TH-55A. It was determined that an upper surface spoiler would be of some benefit in reducing upload, and
reduced area could be of further benefit. After several configurations, a proposed "fix" was finalized which is shown in figure 12.
It is seen to incorporate both an upper surface spoiler and a 7-inch spanwise reduction.

To further cope with the weak inherent side-force characteristics, a sideslip indicator -t klso desired. Yaw strings proved
ineffective because of the poor flow characteristics on the TH-55A canopy. Boom-mounted ya% z es were rejected as excessively
complex and expensive. Finally, Lieutenant Colonel William R. Benoit, the Director cf Flight Test and project test pilot for the
TH-55 at USAASTA, observed that the aicraft has a very shallow pedal position variation in airspeed in zero sideslip. Applying
this observation, he devised a pedal position indicator which coulJ be used to indicate proper pedal position versus power setting
(figure 13). When used, the indicator provides a nrethod of minimizing sideslip errors for all flight conditions.

Presently, buth the modified TH-55A stabilizer and the pedal position indicator have been retrofitted to the TH-55A
fleet at Fort Wolters, Texas. Initial reaction is enthusiastic, and considerable savings in personnel injury and aircraft damage are
anticipated.
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Maneuvering

The AH-IG has given the US Army greatly increased operational capability resulting from born high speed and
maneuverability. However, several undesirable characteristics associated with maneuvering flight have been reported by operational
users. One of these characteristics, inhdequate altitude margins to recover from high-g pullouts at high airspeeds, was investigated
during USAASTA AH-IG Phase D testing (reference 9).

It was originally suspected that the information presented in the operator's manual might be in error since it was computed
on the basis of the simplified assumptions of a 1.0-second delay prior to normal load factor buildup and a constant normal load
factor thereafter. However, test results showed that these simple assumptions predicted the actual aircraft performance accurately.
Test data were obtained for a number of flight-path angles and are shown in figure 14. It is important to recognize that different
assumptions will be required for articulated and rigid-rotor helicopters because of their inherently faster response times.

Another comprehensive maneuver test program was conducted on the AH-IG during USAASTA Project No. 69-11
(references 10 and II). Three important areas were investigated:

I. Basic stability, control, performance, vibration, and structural loads characteristics of the AH-IG during controlled,
steady-state maneuvers.

2. Kinematic relationships of the aircraft during maneuvering flight. Both steady-state maneuvers and free-form
return-to-target tasks were included.

3. Potential problem areas peculiar to operational maneuvering flight, particularly in the areas of stability, vibration,
loads, and total vehicle energy.

To determine maximum sustained maneuver capability, each pilot was asked to execute windup turns holding both altitude
and airspeed constant while incrementally increasing bank angle for each new test point until maximum allowable engine torque
was reached. Two gross weights (8,300 and 9,500 pounds) were studied to establish dependence of maneuvering parameters on
the product of normal acceleration and gross weight, Ie, main rotor thrust demand.

The pilots were next asked to exceed these maneuvering limits first by decreasing airspeed while holding altitude constant,
and second by decreasing altitude while holding airspeed constant. The resulting load factor capability is shown in figure 15.

Equivalent power was calculated for all of the above data to determine if energy maneuverability is a valid concept
for helicopters. Equivalent power is the sum of engine power and the rates of change of kinetic, potential, and rotor inertial
energy.

Equivalent power data for the AH-IG during the :bove maneuvers are presented in figure 16. The following observations
were made:

1. Equivalent main rotor thrust, equivalent power, and advance ratio appear to be valid scaling parameters for the

family of data obtained.

2. Rotor stall, as reflected in the spacing of adjacent equivalent thrust increments, is quite gradual.

3. The characteristic trends of nonmaneuvering performance data continue to hold for maneuvering performance.

Another portion of the AH-IG maneuvering test program concentrated on return-to-target maneuvers. These maneuvers
were flown by three pilots at each of five entry airspeeds, and the results are shown in figure 17. It was found that substantial
variation in aircraft performance results from differing pilot technique.

As a result of the AH-IG maneuvering studies, a great deal of knowledge has been gained regarding rotary-wing maneuvering
characteristics. A number of recommendations made in the previously referenced report (reference 11) are expected to improve
operational safety and utility. Several of the technical concepts established as a result of this test nre already being applied in
the design of future US Army rotorcraft.

The UTTAS system specification contains new requirements for helicopter maneuverability. The US Army Aviation Systems
Test Activity is presently evaluating (Project No. 71-32) the UTrAS terrain-avoidance maneuver (pull-up to achieve i.75g's at
150 knots within 1.0 second, sustain 1.75g's for 3.0 seconds, pushover to achieve 0.0g, sustain O.Og for 2.0 seconds) on three
different aircraft. The OH-58A (teetering), OH-6A (articulated), and BO-10S (hingeless) helicopters will permit assessment of rotor
system type on symmetrical maneuvering performance.

Vibration and Noise

Increasing importance has been assigned to the areas of helicopter vibration and noise. To date, very little has been
done to require compliance with existing specifications in these areas, and US Army test programs have inadequately defined vibration
and noise characteristics, The US Army Aviation Systems Test Activity is presently engaged in a significant test program (Project
No. 70-15) to gather vibration data on all standard US Army helicopters. Participating with USAASTA in this effort are the Eustis
Directorate of AMRDL and WECOM Weapons Laboratory, Rock Island, Illinois. Data are being obtained throughout the airframe
with particular emphasis on areas and components with known high ;'ilure rates. Environmental tc-mperatures are also being recorded.
Tests on the OH-58A have been completed. ind data are being analyzed at this time. High-frequency data (up to 2kHz) are being
recorded using piezioelectric accelerometers, .- d FM/multiplex onboard tape recorders. The data are spectrally decomposed using
real time analysis equipment.

A forerunner to USAASTA Project No. 70-15 was the 5.56/7.62mm weapons comparative evaluation on the OH-6A
helicopter (reference 12). The ohjectives of that test were to qualitatively evaluate and compare the 5.56mm and the 7.62mm
automatic guns for firing accuracy anu the effect of the weapons firing on flight characteristics, and also to quantitatively evaluate
instrument panel and gun-mount Y-'ratior, levels, cockpit gun-noise levels, and gun-gas levels created by weapons firing. Only minor
differences were noted in firing accuracy at ranges of 500 meters or less. A pronounced loss of accuracy was noted with the
5.56mm automatic gun at ranges of 1,000 meters and greater. Helicopter reactions were most apparent, for both weapons, during
hover finng at a high rate of fire and were more severe with the 7.62mm automatic gun than with the 5.56mm gun.



5-5

Vibration levels of the instrument panel and gun mount were reduced significantly with installation of the 5.56mm automatic
gun as opposed to the 7.62mm weapon. Significant reductions in instrument panel vibration and cockpit noise levels were also
noted for both weapons when firing with the DOORS ON as compared to firing with the DOORS OFF. The lateral axis vibrations
were most severe for the instrument panel and art shown in bar graph format in figure 18. Each bar graph was constructed by
integrating the power spectral density for each test condition. A typical spectral plot is shown in figure 19. Significant vibration
was noted at frequencies above 1kHz during firing tests.

The OH-6A test program also measured cockpit noise during firing. It was found that both wcapons significantly exceeded
the maximum noise exposure limits prescribed in MIL-A-8806A(ASG), for crews wearing helmets (figure 20). More disturbing was
the finding that, even without firing, those maximum levels are exceeded.

A great deal of work remains to be done in the vibration and noise areas. It is clear that the relatively high levels of
environmentally induced component failure and permanent hearing loss historically experienced by aircrews cannot be tolerated.

CONCLUSION

The purpose of this paper is to emphasize the existence of the US Army's engineering flight test facility, its resources
and capabilities, and some significant results of helicopter flight testing to date. Greater bfety, maintainability, and reliability are
being assured through constantly improved flight testing techniques and the use of state-of-the-art instrumentation, data acquisition,
and data reduction equipment. More stringent helicopter performance criteria are placing greater demands on the test agencies
to devise new methods and procedures for collecting and analyzing data. Finally, the environmentally induced equipment failures
attributed to structural vibrations and permanent loss of hearing experienced by aircrews are areas requiring additional work by
the test agencies. A test program is currently in progress at USAASTA to more 'uily define the vibration characteristics of all
standard US Army ai.craft.
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FIGURE 13
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A NEW LOOK AT HELICOPTER LEVEL FLIGHT PERFORMANCE

by

Allen B. Hill
Rotary Wing Branch

Flight Test Division
Naval Air Test Center

Patuxent River, Maryland 20670

Performance engineers have been ignoring test data in the area of the classic helicopter level
flight power required curve just above the "bucket" fromA(- 0.15 to 0.25. These data have shown a dis-
continuity or "ripple," but unfortunately the data analysts have elected to disregard the data and fair
the curves into the shape of the familiar power required curve. The arguments supporting this practice
ha',, ranged fzom poor pilot technique to normal data scatter; in all cases, the rationale was backed by
classical level flight performance theory and by universal acceptance.

None of these arguments, however, can withstand the rebuttal of repeatable and voluminous
flight test data acquired from a full spectrum of helicopter rotor system designs. Also, the concept of
the "ripple" in this arsais feasible when the results of W. H. Tanner's wake flow studies are applied.
These studies are examined and are compared with flight test data. Original test data acquired at the
Naval Air Test Center (NkTC) during the past five years are presented to illustrate the existence and
magnitude of the "ripple." Data acquired from rotor systems of the twooAladed teetering, five and six-
bladed articulated, four bladed servo flap, and three-bladed articulate6 tandem designs are included. This
covers the H-1, H-2, H-3, H-46, H-53 and H-57 type helicopters. In addition, a special performance evalu-
ation of the HH-3A helicopter was conducted at N&TC to determine the existence of the "ripple." Again the
test results were faired in the classic helicopter level flight power required curve.

The author has observed mixed reactions to this concept during discussions with experienced
flight test engineers and data analysts throughout industry and the service Test Centers. Most agree that
the trend is shown by the data; only a few have accepted its validity and still fewer have readjusted
their curves and published the results. This paper is intended to serve a two-fold purpoie: to lead the
helicopter flight test community into acceptance of the "ripple" phenomenon; and to encourage publication
of supporting data which have lain dormant throughout the years because of a low confidence level.

INTRODUCTION

Helicopter level flight performance data are presented as Power Coefficient (Cp) versus Tip
Speed or Aeva.ce Ratio for a range of Thrust Coefficients (CT). This data presentation was developed from
momentum and blade element theory. The power coefficient is a non-dimensional expression for the main
rotor shaft horsepower required. The main rntor shaft horsepower required consLi ,s of profile, parasite
and induced power. The advance or tip speed ratio is a non-dimensional ratio of flight speed and main

rotor rotational speed. The thrust coefficient is a non-dimensional expression for thrust required. It
should probably be called the weight coefficient, since vertical drag is normally ignored, and thrust is

replaced hv gross weight. A representative classic helicopter level flight performance curve is presented
in fi';e 1, klb" • is a specific range curve used in conjunction with the data from figure 1.

THE "RIPPLE"

Some years Pao the author noticed what appeared to be a "ripple" in the flight test level
flight power requireC curves just above the "bucket" in the# - 0.15 to 0.25 range. When the question of

the ripple was presented to senior flight test and performance engineers it was explained as normal data
scatter and poor pilot technique. At the time this seemed reasonable since the theory did not support

such a "ripple." The smooth data fairing as shown in figure 1 was universally accepted. This explanation
was catisfactory until more and more data were reviewed by the author. Most of these data showed evidence

of a discontinuity or "ripple." The "ripple" could not be explained so it was called scatter or poor
pilot technique. It seemed more reasonable to the author to attribute the "ripple" to some instability in
the flow through the main rotor.

Durir: tha Navy Evaluation of the Bell Helicopter Company HueyTug helicopter for the Navy

VUETREP mission the "ripple" was found again. It was noted that while accelerating from a hover to cruise

speed a directional instability was encountered at about 55 kt. The aircraft would oscillate direction-
ally t15 degrees. This was du- to the main rotor vortex blowing back through the tail rotor. Figure 3

shows the level flight speed power as published in NATC Technical Report FT-lR-70. The "ripple" appeared
to be less pronounced as the Or increased. This was attributed to the stronger vortex at the higher gross

weight. The photograph of figure 4 shows the S64 Skycrane with\the trailing vortex pattern visible due to

water vapor. The vortex shed by one blade tends to go below the following blade and intersect the next or

second blade back. Shortly after the publication of the HueyTug report, Mr. Robert Lynn, Chief of Research
and Development at Bell Helicopter, delivered a paper to the NATC Patuxent River section of the American
Helicopter Society. Mr. Lynn discussed work being done by Mr. W. Tanner in rotor performance with the shed

vortex taken into account. Mr. Tanner had used a single rotor blade with N trailing vortices and an itera-

tion process in his development. He found that his program gave him a "ripple" in the level flight per-
formance curve. Mr. Lynn took some of the NATC data back to Bell and ran it through the computer program

(BRAM with vortex). The results are as shown in figure 5. The ripples appeared in the same general loca-

tions in both the flight test and theoretical data. The lower CT agreed rather well with flight test data.

As the CT increased the curves agreed less in Cp but the "ripple" was still in the/, range. Figures 6
through 11 show NATC flight test data with curves faired to show the "ripple." Figures 6 and 7 are for

.. .3
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two-bladed siai rigid teetering rotor systems. The FH-I100 maximum endurance speed decreases by about 9%
(figure 6) and the TH-57A shows an 87, decrease. Figure 8 shows the five-bladed fully articulated SH-3 in
the normal configuration. The data indicate a 12. decrease in maximum endurance speed. Figure 9 shows
the six-bladed fully articulated CH-53A which shows a decrease of about 47.. The curves of figure 10 show
the tandem three-bladed fully articulated CH-46D. This particular set of data is interesting in that it
tends to have a second "ripple" in the area ofA = 0.275. The author has assumed that the second "ripple"
is due to the overlap of the rotors. The data indicate that maximum endurance speed is decreased by about
7%. Figure 11 shows the AH-lJ in the Hog configuration, again a two-bladed semi rigid rotor helicopter
with a 3% decrease in endurance speed. Note that the external configuration is a "dirty" one. The two-
bladed semi rigid teetering rotor system appears to display the "ripple" more than any of the other rotor
systems. Figures 12 and 13 show the two-bladed AH-1G and UH-lN level flight curves with 7 and 107. de-
creases in endurance speed. Figure 14 is a comparison of three different types of rotor systems. The four
bladed servo flap rotor of UH-2C is shown at the top. The tandem rotor CH-46 is in the center and the two-
bladed teetering rotor of the HuayTug is on the bottom.

What effect does the "ripple" have on the performance data fairings? In general there is a
reduction in the maximum endurance airspeed and an increase in the maxinam specific range airspeed. The
shift in maximum endurance speed is up to ten kt, while in some cases there does not appear to be any
significant shift at all. Of course any shift in the speed power curve causes a resulting shift in the
specific range curve of the same relative magnitude. The magnitude of the change in maximum endurance
speed is of little consequence. The main rotor power required with and without the "ripple" are essen-
tially the same. Maximum range data shows little or no change in power requirement. The speed change
could be significant if it were not for the one percent power reduction taken in the determination of
maximum range speed. The "ripple" location and shape tend to be supported by the difficulty encountered
in stabilizing on speeds just above the "bucket." This difficulty is encountered in a speed range where
the instrument approach is generally flown.

A recent NATC evaluation of the HH-3A helicopter showed the "ripple" in the speed power curve.
The aircraft manufacturer did not agree and a special performance program was conducted to resolve the
differences. The project team assigned to this program followed a procedure outlined in NATC Report of
Test Results FT-21R-71 dated 24 March 1971. A constant ratio of gross weight to pressure ratio Qt/ was
maintained. This requires the rotor speed to temperature ratio (NR/IW ) also be a constant. The ad-
vancing blade tip Mach number and tip speed istio is held to a linear relationship. The speed po - curves
from this evaluation are presented as figures 15 and 16. Three flights were conducted in each coni.gura-
tion with the same target C . The data from each configuration were grouped together to form one curve
for that configuration. The test project team concluded that the "ripple" did not exist. The author does
not agree. If the data from figures 15 and 16 are replotted using the points that fall along constant or
lines as shown in figures 17 and 18 the "ripple" does appear. Note that figure 17 shows little or no
change in the maximum endurance speed. Figure 18 indicates an 87. change in endurance speed. This is
attributed to the Armed SAR configuration being a very "dirty" one. It is hoped that additional testing
will be done in this area.

The author has discussed the "ripple" with experienced flight test engineers and data analysts
throughout industry and the service Test Centers. Most agree that the data show the existence of the
"ripple." There is some evidence of a similar "ripple" in the maximum rate of climb and minimum rate of
descent curves obtained from sawtooth climbs and descents.

This paper is intended to serve a two-fold purpose: to lead the helicopter flight test
comunity into acceptance of the "ripple" phenomenon; and to encourage publication of supporting data which
have lain dormant throughout the years because of a low confidence level. Don't be lead to believe that
all pilots develop poor data gathering techniques at the same place in the speed power curve on every
performance flight.
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SOME FLIGHT EXPMIlFM ON THE M551 N HELICOPTER

by

P. Brotherhood and C. A. James
Royal Aircraft Establishment

Bedford, England.

SUIIARY
This paper presents some preliminary results from a fruitful collaboration with the NASA Langley

Research Center. NASA made its Lockheed X551 N helicopter available to the Royal Aircraft Establishment

for flight tests at Bedford, England, to be concentrated mainly on stability and control. Several com-
binations of Mro inertia and control springs heve been evaluated. The principal effects of the changes
in configuration were variations in control sensitivity and rotor damping; the degree of change expected
on theoretical pounds has been broadly demonstrated. A variation in static stability due to a differ-
ently shaped gyro arm was also experienced. Pilot op .nion on thu various configurations has been
assessed,

Some brief comparative flying was made in company with the Westland Research Scout helicopter which has a
hingeless rotor but no autostabilisation of any kind. The results illustrate some differences in handling
but the comparison ,f rotor blade bending moments from results so far analysd is inconclusive.

1. INTRODUCTION

This paper presents some preliminary results from a fruitful collaboration with the NASA Langley
Research Center. NASA made its Lockheed XH51 N helicopter available to the Royal Aircraft Establishment
for flight tests at Bedford, England. The helicopter was flown to Bedford in a Hercules (C130) aircraft
of R••P Support Commanid, arriving on 30th September, 19701 during the next seven months the 20 hours
flying allocated by NASA were completely used before the helicopter was returned by air to Langley on
10th May, 1971.

The XH51 is an experimental aircraft which has been in use at Langley since 1965 and has several interest-
ing features. It is fitted with a hingeless rotor incorporating the Lockheed gro-control system and an
experimental cockpit suspension to provide some isolation from vibrations. The work at Bedford was con-
centrated mainly on stabt1 ty and control for which the aircraft is particularly well suited in that some
of its basic eharacteris,4.s may be readily varied. For example, the effective damping of the rotor can
be varied by changing the inertia of the a'ro, and the control power by changing the control springs.
Several gyro arms of differing inertia were available together with a range of control springs; in all,
four combinations including the original were flown. The work at Langley had included investigations
into handling qualities and loadings associated with nap-of-the-earth flying (ref. 1, 2) but the parti-
cular changes in am inertia &nd control springs, although originally envisaged as part of the NASA
programme for the aircraft. were evaluated for the first time at RAE, Bedford.

As background to the present tests it is useful to remember that in June, 1970 when the collaborative
programee was first discussed the practical first-hand experience of hingeleass-rotor helicopters in
Britain was very limited. Testlands advanced hingeless design for the WG13 (Lynx) was still in manu-
facture and the Research Scout helicopter which incorporated many features of the rotor for the Lynx had
only recently flown. (Both helicopters have now accumalated many successful flying hours and a paper
describing flight tests of the Research Scout is also being presented at this Symposium.) In particular,
no first-hand flight-test experience of hingeless rotors then existed at the RAE, and it was against this
background that NASAts loan of the X551 N helicopter was welcomed. The loan itself and the technical
support throughout the programme are gratefully acknowledged. Special mention should be made of the
expert help given by Robert Huston from the Langley Center's own flight research team who spent a month
with us at Bedford at the start of the tests.

Some theoretical studies of the longitudinal stability had previously been made at RAE; these had indi-
cated the improved short-term control at low speeds but also revealed adverse effects at high speeds
with helicopters having high equivalent flapping-hinge offsets. There are of course several solutions to
this problem and the pro-control system includes the ability to "de-sensitize" the rotor as one of its
characteristics. Some comparative flight tests have been made with a hingeless rotor helicopter with no
form of stabilisation in an effort to evaluate differences in behaviour.

Finally, it should be emphasised that the results given are preliminary; a final report will be issued
later.

2. DESCRIPTION1 OF THE AIRCRAFT AND INSTRUENTATION

The X1H51 N helicopter (fig. 1.) is a three-bladed hingeless rotor helicopter which was flown during

the present tests at a nominal test weight of 4,000 lb. It is powered by a 550 h.p. free-turbine engine.
Aerodynamically it is fairly clean and is fitted with a retractable skid undercarriage. The nose,
including the cockpit, has a limited degree of freedom in a vertical direction and is spring-mounted
relative to the rest of the fuselage for vibration isolation.

The helicopter is fitted with the gyro-controlled Lockheed rotor system. A diagram of the cyclic pitch
control system is given in fig. 2. The free grro precesses to provide feathering inputs to the blades
when subjected to an applied moment provided by the pilot through a system of springs. These springs are
%ctuated throu Jh an irreversible power-boost system and are termed 'positive' springs; each of them
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(longitudinal and lateral) has a complementary 'negative' spring of nominally equal effective rate. They
are arranged in such a wy that moments are applied to the gyro by the controls, but the arro experiences
nerir zero spring rqte as far nts free oscillations are concerned. The Gyro is also subject to feedback
from bl:'de moments about the feathering axis. The blades are not in line with the feathering axis but

are swept forward through a small angle (20); in this way the blade thrust exerts a moment about the
feathering hinge which is transferred to the Mrro itself through the direct linkage. Blade inplane forces
also contribute moments to the gyro but these are usually of a secondary nature.

Longitudinal, lateral and directional controls have trimnable springs to provide feel. The collective
pitch control incorporates the usual friction device. The directional controls have no power-boost. A
bob-weight is attached to the longitudinal control to provide A measure of stick force per 'gi.

The helicopter had previously been extensively instrumented for loading and handling studies (ref. 1, 2)
and this instrumentation was virtually unchanged for the present tests. The quantities recorded on multi-
channel trace recorders included positions and loads in the control/gyro/rotor system, fuselage attitudes
and rates, main rotor flapwise and chordwise blade root bending moments, tail rotor flapwise and chord-
wise bending moments and tail rotor pitch link load, main rotor shaft bending moments and torque, airspeed,
aerodynamic sideslip and incidence; the sensors for the last three items were mounted on a nose-boom. ,i
In addition to the airborne recording equipment four channels of structural data (main-rotor flapwise and
chordwise bending moments and tail-rotor pitch-link load) were transmitted by telemetry to the ground and
continuously monitored during the flight tests.

3. CONTROL SY3TEM EVALUATION

The parameters varied during the evaluation of the control system were the gyro inertia and the con-
trol spring-rates. Four configurations were flown:-

gyro inertia, slug ft 2  spring rate, lb/in

7.5 545 (original)
7.5 364
5.0 545
5.0 364

The tests made in each configuration included:-flControl to trim in level flight.
Control to trim at constant collective pitch and various mean speeds.

Response to step input of control at various speeds.
Response to pulse input of control at various speeds.
Control to trim in steady turns.

In addition, several tasks ,ere flown which involved manoeuvring and positioning at low speed near the
ground. 3ome take-offs and landings were also made on slopes with the original configuration.

The response of the Lockheed gyro-controlled rotor system is described in r)f. 3, and the basic features
which enable us to evaluate the effects of syro inertia and of variation in positive spring-rate are
discussed below under suitable headings and compared with experimental results. It should be emphasised
that we shall consider first order effects only and therefore the contribution of thrust tilt to overall
moments on the helicopter will be neglected.

3.1 Static Stability

With the shaft and controls fixed, any time average external moment acting on the rotor is rapidly
reduced to zero. The feedback from the rotor precesses the gyro in such a way that the cyclic pitch
applied to the blade eliminates the incremental flapping and consequent hub moment. The rotor therefore
possesses neutral attitude and speed stability. These characteristics are confirmed b the longitudinal
control to trim in level flight, when speed and attitude are varied as shown in figf 3. It will be seen
that there is virtually no change in stick position with speed when the 5.0 slug ft gyro is fitted.
The gyro supplies the feathering to counter the flapping with respect to the "no-feathering" axis (which
is a major contribution in a rotor without gyro): the positive spring, actuated by the stick, merely
provides the input necessary to generate the rotor-hub moments required to trim the relýtively small fuse-
lage moments. The curves do have a positive slope when the gyro of inertia 7.5 slug ft is fitted. This
is due to the fact that the arms at this eyro are flattened and form a crude aerofoil, the aerodynamic
forces on which impart a degree of speed stability. Although not illustrated, the change of the longi-
tudinal stick position with speed at constant collective pitch is also small and difficult to distinguish
from the level flight trims, where of course collective pitch is varied.

3.2 Manueuvre Characteristics

Time histories of respcnses to lonfitudinal and lateral control steps in hovering with the original
configuration (gyro inertia 7.5 slug ft and spring rate 545 lb/in (7.5/545)) are given in fig. 4 (a)(b).
The maximum rate of roll is reached very rapidly in about 0.3 sec. including a ramp time of 0.1 sec. to
reach maximum control input. Rate of pitch tends to reach an initial "knee" in about 0.9 sec. and there-
after continues to increase gradually. This feature was more noticeable with aft control movements and
is possibly associated with translational and downwash effects orn the fuselage. The short term response
characteristics of the helicopt'.r may be described as those of a rate demand control with a short time
constant and are an attractive feature of the hingelesa rotor. The general nature of the response was
the same for all combinations of gyro and springs tested, but the gain and the time constant varied. The
reasons for these variations are discussed below.
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In response to a step input of control, before the angular rate of the helicopter has built us the angular
acceleration is proportional to the hub moment due to blade flapping. A moment dependent on bigde flap-
ping reacts the moment caused by the positive spring through the action of the pilot. Thus the 4,ntrol
sensitivity (angular acceleration per unit control displacement) is proportional to the spring rate.

For a steady rate of pitch or roll a steady precessional torque is required by the gyro. If the controls
are fixed this torque is supplied through feed back from the rotor as a result of rotor flarping, and pro-
vides an overall damping moment opposing the motion of the helicopter. For a steady rate of roll (ay of
the unrestrained helicopter, the hub moment is zero (if the fuselage damping is neglected) and the pro-
cessional torque required by the gyro is supplied by the spring through the displacement of the pilot's
control. The required torque is proportional to the rate of roll and gyro inertia, i.e.:

(spring rate) (stick displacement) a (gyro inertia) (roll rate)

or,

Maximum rate of roll Sprin& rate
rad/sec/inch of control Gyro inertia

and, as stated previously,
Control 2sensitivity, a Spring rate

rad/sec /inch of control

and, assuming a first order system in rate,

the Time constant a Maximum rate
initial acceleration' s

and ampig WIhitial acceler~atiLBon -
sad Dsmping - Maximum rateo50-

These characteristics illustrated in the hover for the lateral step inputs of control although of course
the reaults for longitudinal control are similar. The maximum rate of roll for the various combinations of
gre inertia and spring rates are given in fig. 5. It will be seen that, for a particular combination,
maximum rate cf roll is proportional to control displacement and that, as expected, the lower gyro inertia
gives a higher maximum rate of roll for each spring rate. The results, which represent the mean of all
suitable measurements are tabulated belows-

Lateral re sults in hover

Gyro inertia, slug ft 2  7.5 7.5 5.0 5.0
Spring rate, lb/in 545 364 545 364
Measured rate, rad/sec/in 2 0.238 0.181 0.326 0.223
Measured sensitivity, msd/sec /in 1.87 1.44 2.25 1.5

Rate relative %n original
configuration (theoretical) 1.0 0.671 l.47 1.01

Rate relative to original 1.0 06]
configuration (measured) . 1.5] o. 9 J

Sensitivity relative to ori0inal.
configuration (theoretical) 1 1

Sensitivity relative to original 1. 0 1 0
configuration (measured) 1.0 0.77 1.2 0.

Damping sec -1 (measured) 6.9 7.9 6.4 6.5

It will be seen that the theoretical trends are followed broadly. The measurement of initial angular
acceleration was difficult because of noise on the rocord and the short time constants involved; it is
therefore particularly open to error.

The range of characteristics investigated is shown on a damping - control sensitivity diagiam, fig. 6,
for both pitch and roll, together with the criteria of reference 4. In pitch, at the smaller spring rate,
the criteria for Instrument Flight (IFR) would not be met. This trend is confirmed by pilot opinion
(section 6) where the lateral characteristics were preferred to the longitudinal ores which were described
as "ponderous" at the lowest control sensitivity.

3.3 Characteristics in Forward FliKht

A time histoz*' of the response to an aft longitudinal control displacement at 80 kt for coutiguration
7.5/545 is given in fig. 4(c). It will be seen that the rate of pitch rises to an initial "knee" in just
under a second and thereafter rises at a ,miform but lower rate. The time constant of the motion up to the
initial knee is similar to that measured in the hover. The reason for the continued rise is not explained
on the simple basis of feed back to the gro from blade thrust; inplan. forces, particularly when the
blades deflect under normal acceleration, are fed back to the gyro also and may contributa to this effect.
It is hoped to include an assessment of these effects in the final report. The general character of the
response did not change up to a speed of 110 kta, the highest speed at which tests were made.

The responses at speed in the other configurations tested, in terms of initial acceleration and maximum
rate, were essentially similar to those measured in the hover in both pitch and roll. The helicopter
could be flown hands off for quite long periods of time in all configurations tested, the limit being
set by the lateral - directional characteristics of mild spiral instability.

64
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4* CCUPARISO1 FLYING WITH THE WESTLAND RESEARCH SUTI

The Westland Research Scout haw a hingeless rotor and was flown during the tests at a nominal weight
of 5,000 lbs. It has no form of stability augmentation. The blade flapping and inplane stiffnesses, as
indicated by the corresponding first mode frequencies, are compared below with those of the XH51 Ni-

ar0h Scout,

flap 1.080 1.1lo
inplane 0. 64D 1.4

A feature of the Research Scout is the low inplane stiffness, resulting in a natural frequency less than
the fundamental frequency of the rotor. The XH51 N is much stiffer resulting in a frequency greater than
the fundamental and more than twice that of the Research Scout. The flapping stiffnesses are reasonably
similar. One of the features claimed for the Lockheed &rro-controlled rotor is a reduction of blade root
bending moments due to gusts (ref. 3) by virtue of the attenuation of transient flapping.

The main object of the comparative flight tests was to compare the behaviour of the aircraft in terms of
handling and blade bending moments. The aircraft were flown in loose formation at a height of approximately

50 ft. on each side of a runway, 100 yards wide; thus it is reasonable to assume that the general level of
turbulence was similar for each aircraft. The pilots were briefed to fly in line abreast with minimal
station keeping activity. The length of the runwey was 10,500 ft and runs were made at constant speed in
each direction. At the end of each pass along the runway a tail chase was flown, including turns and
reversals of direction, to return eventually for a further pass in formation along the runway in the
opposite direction at the same speed. The role of lead aircraft was changed at each end of the runway.
The tail chase was included to subject the aircraft as far as possible to the same manoeuvres so that
handling and blade bending moments could be compared. The general pattern was repeated at speeds of
70, 95 and 110 kt. In an attempt to assess the effect of different flying techniques the pilots were
interchanged for one sortie.

The flights along the runway were made at low level so that the turbulence would be of the type associated
with wind shear at the surface. The degree of turbulence increases with the wind strength, the maximum
during the tests being 3.6 kt, RMS associated with a mean wind speed of 18 kt. These data were obtained
from an instrumented tower at a height of 50 ft, but at a distance of more than a mile from the nmway;
however they are thought to be reasonably representntive of conditions at the runway. The aircraft were
available together for one week only and unfortunately during this time the wind was less than 5 kt for
the remainder of the tests.

The selection of the quantities to be compared was influenced by the noise, definition and scaling of the
various trace recordings and, in the event, the following were selectedi-

Longitudinal stick movement B
Rate of pitch Both aircraft

Plapwise bending moment, 6 in.from hub X
Chordwise bending moment, 6 in.from hub$ XES1 N

Flapwise bending moment, 9.5 in. from hub R
Chordwise bending moment, 9.5 in. from hubJ Research Scout

The quantification of pilots' work load is notoriously difficult, and data in the form of paper trace
records are not amenable to sophisticat ,d analysis such as power spectra to throw light on the ease of
handling of each aircraft. A method of presenting the results has been used which has the merit of
simplicity and which illustrates pictorially certain differences between the aircraft and allows some
tentative conclusions to be drawn. The traces of longitudinal stick movement obtained during each pass
along the runway were carefully analysed and the maximum and miniam valueo of every excursion recorded.
The time histories of cumulative stick movement irrespective of direction have been plotted for the
duration of each run (figs. 7 and 9). It can be argued that the slope of the curve defines an average
level of 'activity', although inspection of the number of points on the graph is also necessary to dis-
tinguish between small amplitudes at high frequency and larger amplitudes at a lower frequency.

It will be seen that the curves begin to have a more clearly defined slope 20 seconds after the start of
each run. This characteristic is almost certainly consequent on a settling down period at the start of
each run during which chcnges in activity necessary to control the relative position of the aircraft
tended to occur. (This explanation is supported by pilot opinion.) In order to eliminate this effect,
only events after the initial 20 seconds will be considered in the discussion that follows. The slope of
the cumulative stick movemeni is greater in turbulence than in calm conditions for both aircraft. Each
direction of pass along thb rmnay is plotted separately and there is a noticeable difference between
directions but this is insufficient to mask the difference due to turbulence. The corresponding cu-mla-
tive rate of pitch is shown in figs. 8, 10 and a similar general increase in slope or 'activity' is again
apparent for each aircraft. Here the activity is proportional to maximum angular acceleration, but the
end point has no obvious physical significance. The slopes of the curves in corresponding conditions are
also of the same order which could be taken to indicate that both aircraft were being flown with gener-
ally similar accuracy. One condition for this to bc true is that the form factor of the motion is the
sam.e for each aircraft and inspection of the records makes this appear a reasonable assumption.

The curves of stick displacement do not have any direct significance unless related to the response of
the aircraft, and so, to provide sow measure of scaling, the longitudinal control chamrcteriztics in
the hover are compired below:-

65
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Sensitivity Dampingrad/80o2/in•~ Sao-

XH51 N 0.29 1.8
Research Scout 0.32 1.8

The values are very similar and it is surprising to see (fig. 7, 9) that the slope of the cumulative stick
displacement and end values for the unstabilised Research Scout are noticeably leas than the corresponding

values for the XH51 N. A possible explanation is that the moveable cockpit and the bob-weight on the stick
cause a degree of involuntary control activity. This in supported by the pilot whose subjective impres-
sion was that no control movements were m'A^ for cooiderable periods during the runs.

The results for runs at a higher speed (110 kt) in calm conditions are given in figs. 11-14. Lines
representing the mean slopes from the previous results at 95 kt. have been added to the results with an
origin at 20 sees to eliminate activity due to positioning at the st.rt of the runs. It will be seen ?0

that the increase in speed of 15 kt. causes a small increase in cumulative rate of pitch for both aircraft
and is accompanied by a correspondingly small increase in control activity for the XH51 N. For the
Research Scout, however, there is a marked increase and it is suggested that the increase is indicative 4
of the degradation of the stability characteristics of the unetabilised hingeless rotor at the higher
speedu largely due to the unstable M, derivative. This suggestion i.3 corroborated by pilots' assessment
of the handling of the Research Scout at higher speeds when an increased tendency for pitch divergence
and sensitivity to turbulence is shown.

5. COPARMUIVE BLADE BETDIVIG •lIOLIETS

The analysis of the blade root bending moments is incomplete; none of the data for the tail chases
and only a small part of those for the level runs have yet been examined. The initial analysis is taking
the form of reading maximum and minimum bending moments, once per rotor revolution, and finding the over-
all means and the means and standard deviations of the once-per-revolution fluctuations. In the results
so far analysed turbulence had no significant effect on either the mean or the mean of the first harmonic
variations of flapwise and chordwise blade root bending moments for either aircraft. It was thought that
the standard deviations of once-per-revolution fluctuations in bending moment might be a simple wey of
comparing overall scatter and unsteadiness. The initial results so far obtained are not particularly
conclusive. There appears to be little difference in the standard deviation of blade root bending moments
between calm and turbulent conditions for the Research Scout, whilst for the XH51 N the only change is an
unexpected rise in the standard deviation of the flapwise once-per-revolution bending moments in turbul-
ence, but no change in the standard deviation of the chordwise bending moments. If this result is
confirmed by the analysis of further runs it may present an anomaly since one would expect the flApwise
and chordwise moments to be related through the action of Coriolis forces. The increase in the standard
deviation of the blade-root flapwiase bending moment of the XH51 N with turbulence (if substantiated) is
unexpected because of the action of the gro in reducing first harmonic flapping.

6. PILOT OPINION OF THE XW51 N

During the trials, a total of six pilots flew the X1151 N either as first or second pilot. Their
cosments are presented with minimum editing and it should be emphasieed that they refer specifically to
an experimental research helicopter and that, although the basic principle has been retained, this unique

control system has been considerably developed in later designs of helicopter.

The pilots were unanimous in their praise for the apparent attitude stability of the aircraft, although
the two project pilots (who did most of the flying) commented on the poor speed stability. This was
stated to be worse with the small 5.0 slug ft 2 gyro which is consistent with the zero slope of stick-
position-to-trim with speed (fig. 3).

Longitudinally the stick was generally felt to be rather under geared iq the basic configuration of
7.5 slug ft2  ro and 5 lb/in, springs, and also with the 5.0 slug ft' ro and 364 lb/in. springs.
Changing to 7.5 slug ftn aro and 364 lb/in, springs made matters worse. The word 'ponderous, was used
to describe the handling in this condition. Although the high-geared configuration of 5.0 slug ft 2

gro and 545 lb/in, springs gave better low speed handling, the two pilots who flew in this configuration
agreed that PIO tendencies were present around and above 90 kt. in turbulence. The bob-weight and
spring (see below) was thought to be contributing to this.

The lateral stick gearing was considered to be generally better than the longitudinal, changing from
slightly under geared with 7.5 slug ft 2 aro and 364 lb/in. springs, through "about right" for 7.5/545
and 5-.0/364, to somewhat over geared with 5.0 slug ft 2 Mrro and 545 lb/in. springs.

Longitudinal stick force gradients were thought to be too heavy at all times. Although the bob-weight
and spring (provided to give stick force per g) was thought to be potentially useful in forward flight
and turns all pilots agreed that the force gradient had been set too high. The device was also thought
to be obtrusive in certain flight conditions, notably in turbulence both at high speed and in turns,
during collective adjustments at the hover, and (not surprisingly) when trying to make accurate longi-
tudinal cyclic stop inputs as part of the test programme.

All the pilots considered the collective gearing to be higher than usual, although all pilots except
one stated that they adapted to it readily and after an hour or so found it no longer obtrusive.
The cyclic control was agreed to behave essentially as a rate demand system and was well liked. One
pilot made the point that the effective gearing was not greatly affected by forward speed. At high speed
the longitudinal response was thought to be complicated by vibratory effects, pbrticularly boAtoming of
the spring cab. One project pilot commented that, once 1.5 g was exceeded there was a noticeable pitch-

up tendency at the higher speeds.
|'
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All pilois commented on the heavy pedal spring forces, the inconvenience of the electric pedal trimmer,
and the marked adverse yaw with roll control application. All the pilots thought the pitch-roll and roll-
pitch cross coupling to be noticeable, especially near the hover. AW1 pilots except one considered that
co-ordinated turns, turn entries, and roll reversals were difficult to execute. The main reasons advanced
were the cross coupling, adverse yaw, and yaw trim problems, alth.ough the bob-weight, sprung cab bottoming
and sprung cab "shuffle" were also blamed.

Later in the test the two pilots most familiar with the aircraft commented that at high speed in turbu-
lence, they could feel a slight time lag between incipient pitch divergences and (they said) the gro
controling and stabilising the rotor.

As with all hingeless-rotor helicopters, the XH51 N cy3lic controls must be centered after landing (and

also for start-up and take-off). This was not considered to present any piloting problem, but all of the
pilots said that 8tick position indicators were essential for the task.

The summary of the pilot comments was as follows. The rate demand cyclic control and apparent attitude
stability were well liked, although the lack of speed stability tended to be less satisfactory. Stick
forces were universally considered too 'aigh, and the high speed churacteristics were spoilt by excessive
vibration and side effects from the bob-weight and sprung cabin. The turning behaviour was affected by
the same side effects and also by control cross-coupling, adverse yaw and yrw trimmer inadequacies.

7. CONCLUSIONS

Plight tests of sevwral combinations of gyro inertia wnd control api• ngs have been evaluated on the
XJ151 N helicopter. The principal changes in characteristics are control s.,nsitivity and rotor damping and
the degree of change expected on theoretical grounds has been broadly demonatrated. Pilot opinion on the
various configurations has been assessed.

Some brief comparative flying was made in compary with the Vlestland Research Scout which has a hingeless
rotor but no autostabilisation of any kind. The results illustrate some differences in handling but the
comparison of rotor blade bending moments from results so far analysed is inconclusive with regard to gust
alleviation properties of the gyro control.
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INFLUENCE OF ELASTIC COUPLING EFFECTS ON THE

HANDLING QUALITIES OF A HINGELESS ROTOR HELICOPTER+

by

G. Reichert and H. Huber
Messerschmitt-Bdlkow-Blohm GmbH

0ttobrunn, Germany

SUMMARY
Stability and control of a helicopter with a hingeless rotor system is mainly in-

fluenced by the elastic flapping motion of the rotor blades. On a rotor with torsionally
flexible blades or elasticity in the control system there can be additional aeroelastic
effects, which act as control inputs on the blades.

After a short descriptio-. of the rotor system and the analytical model, the paper
discusses the reasons and the !afluences of elastic coupling effects on the stability and
control behaviour of a hingelpis rotor helicopter. There are effects which result from
the aerodynamic characteristi(.s and from the chordwise mass-distribution on the blade.
Additional coupling effects rtsul. from flapping and inplane deflections out of the pitch-
ing control axis similar to a pitch-flap-lag-coupling. Theoretical results are compared
with flight test data.

LIST OF SYMBOLS
as equivalent hinge offset
cL lift coefficient of airfoil section
CM pitching moment coefficient of airfoil sectioncM equivalent flapping hinge restraint
c equivalent lagging hinge restraint

c0 torsional stiffness
ceE control system ilexibility
Ds longitudinal cyclic pitch
dAC distance of aerodynamic center of profile section from leading edge
dC.G. distance of center of gravity of blade section from leading edge
GW gross weight

I yy helicopter moment of inertia about yy-axis
MM hubmoment in the rotating system
Ma flapwise benditig moment of blade root
H inplane bending moment at blade root
Ml~x control pitching moment
Me pitching moment derivative due to angle of attack
M6  pitch rate damping moment
N load factor in maneuvers
APLL alternating pitch link load

t iume
tD time to double amplitude
tH time to half amplitude

T period
V air speed

B flapping angle

8 k precone angle
lead-lag angle

Ck sweep angle
0E torsional deflection of control system
6c blade cyclic pitch
U rotor frequency
W natural frequency

+ The studies have been sponsored in part by the Ministry of Defence of the Federal

Republic of Germany
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I. INTRODUCTION

In research and development much work is done in order to increase the speed and
maneuver range and to improve the flight characteristics of modern helicopters. With in-
crease of physical understanding and improvement of technical facilities advanced rotor
designs can be realized nowadays. Thus in recent years, the hingeless rotor system has
been favoured. Figure I shows the helicopter BO 105 with flapwise and lagwise rigidly
attached fiberglass rotorblades of high elasticity.

Theoretical and experimental work over about ten years has shown, that the rigid
rotor system offers a significant improvement of handling qualities in comparison to the
articulated rotor. The advantages of this rotor system are mainly caused by the flapping
behaviour of the elastic fiberglass rotorblades. A further substantial gain in flight
characteristics can be made by elastic coupling effects, using the coupling of the ela-
stic blade deflections in flapping, inplane and torsional directions. Regarding the mo-
ment capability of the rigid rotor system, high efficiency can be expected for such blade
integrated control systems.

As indicated in analytical studies, a proper design of blades is of great influen-
ce on rotor blade dynamics, resulting in marked improvements of flight characteristics of
the helicopter. In general these elastic coupling effects increase with decreasing tor-
sional stiffness of the blades and control system.

2. SHORT DESCRIPTION OF THE RIGID ROTOR SYSTEM

The main components of the Bdlkow Rigid Rotor System (Figure 2) are a very stiff
hub and fiberglass rotor blades of high elasticity. There are no flapping and no lagging
hinges, the blades are rigidly attached to short hub arms. The feathering axis of the
blades is fixed to these substantially rigid hub arms (1). The blade motions are pitching
at the root and bending and torsional deflections.

Compared to 'n articulated rotor this design causes a mechanical simplification and
marked improvements in handling qualities in addition. This seems to be highly desirable
for modern helicopters. Theoretical investigations and intensive flight test programs have
shown that these qualities are caused by the high moment capability, determined by the
flapping stiffness of the rotor system. The flapping stiffness is best characterized by
the rotating natural frequency of the blades for the first flapwise mode. In the B8kow
Rigid Rotor System a frequency ratio of about 1.10 to 1.15 is used.

Research and development program was started in 1960 and over more than 10 years
experience has been obtained with different rotors (Figure 3) (1). After wind-tunnel mo-
del tests which had shown favourable results, a full scale rotor was built and ground
tested. The first flight of a helicopter with the B8lkow rigid rotor was done in coopera-
tion with Sud Aviation by equipping an Alouette II with a threebladed rigid rotor. After
a phase of blade tuning with respect to stresses and vibrations, the first flight of
BO 105 was early in 1967. With increase of theoretical understanding and with more ex-
perience the rotor systei.. could be further refined, for example by using a very small
rotor head of titanium with a somewhat increased precone angle. On this rotortype the
symmetrical NACA 0012-blades were finally replaced by modified blades of cambered airfoil
section, which resulted in improvements of performance and flight characteristics.

In addition a rigid rotor system with Bdlkow fiberglass blades was flight tested
on the SA 340 helicopter at Sud Aviation using a steel rotor head and symmetrical blades
(11).

3. MATHEMATICAL 1IODELS FOR STABILITY AND CONTROL STUDIES

To determine the pyoperties of a rigid rotor system in an analytical approach, a
system is to be used which simulatee the aerodynamic and dynamic behaviour adequately.
Similar to the articulated rotor, the d:inamic behaviour of the rigid rotor system is umain-
ly determined by the flapping behaviour of the blades. For simple studies, it can be assu-
med that the blades have flexibility only in the flapwise direction and are infinitely
stiff in the chordwise and torsional directions. In Figure 4 the main features of such a
flapping equivalent system are shown. In fact, it is a conventional hinged blade with
spring and damper at the hinge, simulating the first natural mode and frequency oZ tht.
real blade. A question may arise if the first flapwise bending mode only will be suffici-
ent for representing the hub moments produced by a hingeless rotor. Stiudies have shown
that this simple equivalent system can model the rotor well enough for stability and con-
trol calculations up to medium advance ratios. This includes extreme flight conditions
with high rotor loading, such as gust penetration and g-rineuvers.

In Figure 5 tne roment distribution over blade span is shown for a typical flight
condition. It can be seen that the moment rises mainly in the very stiff parts of root
section and rotor hub. It seems well justified to represent this blade configurat/i- by
an equivalent system using an equivalent hinge with a stiff blade (2; 3: 6). Considering
only the elastic flapping motion of the blades, it is assumed that there are no aeroela-
stic couplings of other blade motions.



A more refined equivalent system, as shown in Figure 6, is an extension of the
pure flapping system and has additional degrees of freedom in chordwise and torsional
directions (8). This model includes

- control system flexibility

- blade flapwise bending (first mode)
- blade inplane bending (first mode)

- blade twisting (first twisting mode).

Whiie inplane bending of the blade his nearly no direct influence on flight behaviour, it
may effect the control system dynamics, if control flexibility is considered. Torsional
elastic motions of the blades are included as they act as control inputs and can thus have
an influence on stability and control characteristics. Effects of different positions of
the aerodynamic center, the elastic axis and the center of gravity on profile section as
a function of blade span can be calculated. The aerodynamic model of the rotor is based
on current blase element theory using twodimensional airfoil data, considering stall, re-
verse flow an. compressibility effects. The mean induced velocity is calculated by momen-
tum theory with a trapezoidal distribution in forward flight. The aerodynamic forces andthe dynamic response of the rotor blades are obtained by an azimuthal step by step compu-
tation, solving the equations of motion numerically. Variable rpm can be included.

This aeroelastic rotor theory is the basis for all flight dynamics studies. It is
completed by an analytical representation of the entire aircraft, including tailrotor,
wing, tail planes and auxiliary thrust engines (4). A first step in all calculations is a
trimming run, producing the proper control inputs on the rotors and the other trim condi-
tions. The program is also used to find the stability derivatives of the entire aircraft
as well as to calculate the dynamic response in maneuvers, gust conditions and engine
failures by a step by step computation.

A somewhat modified analytical model is shown in Figure 7, which includes the
flappii 3 and inplane motions of the individual blades and rotor support flexibility (5).
This complete rotor-pylon equivalent system is used for predicting more exactly the stea-
dy and vibratory forces ai.i moments acting on the rotor system. Further possible instabi-
lities influenced by the coupling of the various blades of the rotor are investigated with
this system (9).

Three different types of analytical rotor models have been described above. In ge-
neral, more degrees of freedom result in an additional complexity of the theory and in in-
cr.ýdsing computing times. Therefore, in all analytical studies the necessity of the in-
dividual degrees of freedom should be examined.

As mentioned before, the analytical method used for stability and control studies
shows good correlation between theory and flight test results (6: 7). Figure 8 illustra-
tes a comparison between measured and calculated hubmoment and root bending moments for
a forward flight condition. The moments are shown as a function of rotor azimuth angle.
There is good correlation for the low harmonic components. As the elastic blade is re-
presented by a hinged equivalent blade simulating only first harmonic behaviour, no bet-
tdr prediction of higher harmonics can be expected. Figure 9 presents maneuver loads in
forward flight (U - .25) as a function of load factor. The longitudinal stick position,
the mean flapwise bending moment due to increasing blade loads, the decreasing inplane
moment due to constant collective setting and the alternating blade root moments are
illustrated. The relatively good correlation between theory and test data allows the con-
clusion that analytical models, as described before, will be well suited for theoretical
studies.

4. FLIGHT CHARACTERISTICS AS A FUNCTION OF FLAPPING FLEXIBILITY AND TORSIONAL COUPLING

EFFECTS

High Moment Capability

Numerous investigations of the rigid rotor have shown that all flight characteri-
stics are determined by the outstanding moment capacity (6; 7; 8). The reason for this
high moment is the high stiffness of the rotorhub and the blade root, or - in terms of
the equivalent system - the virtual flapping hinge offset of about 15% of rotor radius,
which is a long moment arm for the aerodynamic shear forces.

Figure 10 illustrates this moment capacity in comparison to an articulated rotor.
The dynamic flapping response of one blade and the resultant hub moment built up from all
four blades due to a cyclic step input are plotted over the time. In this case, the heli-
copter is assumed to be fixed on the ground unable to follow the control moment. The
coupled blade-pylon system (Figure 7) is used, considering each blade separately. Nearly
no difference can be observed between articulated and elastic flapping response, but
there is a pronounced difference in the resultant moments. The records show that the mag-
nitude of final moment of the articulated rotor is reached in less than 1/5 of time with
the rigid rotor and the final moment of this rotor type is a multiple of the value of the
normal rotor. This outstanding cortrol efficiency proves to be the most important advan-
tage of the rigid rotor system.

76
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The flight behaviour of this system is ..Ainly influenced by the elastic flapping

motion of the rotor blades. If there is torsional flexibility in the blade or elasticity
in the control system, elastic pitching motions can be produced acting as additional con-
trol inputs to the blades. Considering the moment capability, a high efficiency on dynamic
behaviour of the rotor can be expected. The rotor will be sensitive as well to all para-
meters influencing blade flapping such as the aerodynamic characteristics of the blade
for instance.

influence of Aerodynamic Blade Characteristics

Flight tests of the BO 105 with modified rotor blades have shown that the flightcharacteristics of a rigid rotor helicopter are influenced by the blade airfoil section.

Theoretical studies of these phenomena have indicated that the improvements especially
of performance and stability are, in general, effects of the different aerodynamic charac-
teristics of the airfoil section in combination with elastic effects of the torsionally
flexible blades. In this respect the most important characteristics proved to be

- the section maximum lift coefficient

- the section lift curve slope

- the slope of pitching moment coefficient,
i.e. the a.c.-position of profile section.

First, effects resulting from maximum lift behaviour will be regarded only with
respect to performance, as dynamic stall problems will not be considered here. Figure 11
shows a comparison of measured pitch link loads received with symmetrical profile section
and a cambered airfoil section. There is a reduction of loads over the whole speed range,
caused by a zero-moment shift of the nonsynmetric airfoil. As a still more important
effect, a decrease of alternating pitch link loads is obtained in maneuver flight due to
a more favourable stall behaviour of the cambered airfoil section. Additional effects re-
sulting from increased stall limits are shown in Figure 12. With all types of rotors,
longitudinal cyclic pitch to trim g-maneuve-s is affected by the lift characteristics of
its profile section. When essential parts of the retreating blade come up to their maxi-
mum lift coefficients, the lift of the advancing blade will be limited as well by trim
conditions. This results in an increase of longitudinal forward stick position, i.e. an
unstable stick travel over g. It can be seen in Figure 12 that this instability can be
postponed by using unsymmetric profile section resulting in a general increase of possib-
le g-range. These effects have been proved by trim calculations, the results of which
are in good agreement with experimental data.

As is well known, the most important influence on the dynamic stability of a heli-
copter in forward flight is represented by the static stability due to angle of attack
(pitching) (6). In this respect all rotors are more or less unstable, depending on the
flapping frequency of their blades. Studies have shown, that a somewhat flattened lift
curve slope will produce a less destabilizing hub moment due to angle of attack and thus
will improve the dynamic stability.

Experimental data are available indicating the influence of blade modifications on
the inherent dynamic stability. Figure 13 shows the stability values (sticX fixed) of the
BO 105 for longitudinal motion over flight speed. It is indicated by calculation and by
fllqht test data that significant improvements in dynamic flight behaviour can be obtained
witt. blades of cambered airfoil section. In the speed range of 100 knots, for example, the
time to double amplitude is increased from 4 sec to about 10 or 20 sec. The scatter of
experimental data includes different cases of gross weight, c.g.-position and altitude,
all parameters which influence the dynamic stability of a helicopter. It should be noted,
that the blade modification included small changes in the dynamic characteristics in addi-
tion, resulting in stabilizing aeroelastic effects.

In addition to the lift characteristics the pitching moment characteristics of the
profile section are of great importance. Shifting the aerodynamic center of an airfoil
will result in a change of moment curve slope. Considering a torsionally flexible blade,
positive (rearward) a.c. offset is stabilizing, because the effective pitch angle of the
blade is reduced, when lift is increased. If there is sufficient flexibility, the elastic
deformations act as substantial control inputs (8).

In Figure 14 control power and damping of helicopter pitching are presented as a
function of a.c.-position on airfoil section. For better illustration both characteristics
are shown in relation to neutral a.c.-position. Rearward positions result in a decrease of
control power, while rotor damping is increased. This proves to be a characteristic fea-
ture of torsional elastic coupling effects, and it is indicated that the effects ar6 more
pronounced if torsional stiffness of blade is reduced. To obtain a more direct relation of
the two effects consider the diagram of control characteristics (Figure 15). For satisfac-
tory control behaviour a definite correlation should exist between control power and damp-
ing. The recommendations for armed heliccpters (9) seem to apply to modern helicopters.
This range can be well obtained with rigid rotor systems, and it seems to be quite favour-
able that this range can be enlarged by aeroelastic effects. In thic respect the increase
of damping is the more important effect. The slight decrease of control power nearly is in-
significant at a rigid rotor system and can be compensated by change of control ratio, if
necessary.



Similar to the control characteristics, the stability behaviour of a helicopter
will be influenced by aeroelastic effects. Figure 16 shows some results of a study, illu-
strating longitudinal dynamic stability of the BO 105 at a medium flight speed of 100 kts.
The results are shown as a function of a.c. offset from quarter chord. Starting from
tD - 6 sec at neutral position, significant improvements and even stable conditions can
be obtained by rearward a.c. position. These effects are again depending on the torsional
flexibility of the blade, lower stiffness being more effective. As'is shown in Figure 13,
a decrease of stick fixed lon;iitudinal stability is typical for rigid rotors at higher
flight speeds. Earlier studies indicated that more stable conditions can be obtained by
larger stabilizer areas, which however result in increasing rotor loads (6). Figure 17
shows that equivalent stabilizing effects can be obtained by aeroelastic couplings, post-
poning unstable conditions to higher flight speeds. Considering the normal torsional fle-
xibility of the BO 105 fiberglass blades, the "speed of equivalent stability" is increa-
sed by about 60 knots in the high speed range with a.c. of blades rearward. It is indi-
cated by these results that aerodynamic design work on blade section will be worthwile,
especially for a hingeless rotor.

Effects of Chordwise Mass-Distribution

An analysis of the torsional equation of motion indicates that the torsion of ro-
tor blades is strongly influenced by chordwise mass-distribution. It can be shown that
both inertia forces and centrifugal forces can produce nose-up and nose-down moments,
depending on blade position in relation to the plane of rotation. Considering a blade
with c.g. shifted toward leading edge, centrifugal forces will produce a nose-down twist,
if blade bending is upwards. The amount of twist is proportional to the blade deflection.
This means that a strong coupling of flapwise bending and torsion of the blade exists,
when the blade is unbalanced in chordwise direction. In fact, this is a blade integrated
feedback system.

In order to give a first impression of its efficiency, the dynamic blade response
to a discrete gust is shown in Figure 18. The rotor was trimmed at 100 kts and enters a
35 fps sine-squared vertical gust. The figure shows the elastic deflection of the blade
tip, as an observer at the hubcenter would see it, when looking toward the blade tip and
rotating with the blade. There is a strong difference in blade response between the bla-
des with c.g. at 30%, 251 and 200 of blade chord.

In order to determine the effects on maneuvering and stability qualities of the
helicopter, a variation of c.g. position fore and aft of torsional elastic axis was con-
ducted. To show the benefits of the rigid rotor in applying elastic feedback systems,
analysis was carried out for an articulated rotor too. The effects of blade c.g. position
on control behaviour are indicated in the control-damping diagram of Figure 19. In con-
trast to a.c. effects, increasing pitch damping is now obtained with forward shift of
c.g.. It should be noted that the same improvements in flight behaviour can be obtained
whether c.g. or a.c. of the blade is changed. Thus the relative offset is the determina-
tive parameter.

A general overview should consider secondary effects too. A decreasing phase angle
between blade control and flapping response is caused by a e.g. forward position, resul-
ting in more crosscoupling effects. For instance, with c.g. at 201 of chord the control
phase is reduced by about 10 degrees, while the flapping response due to a nose-up pit-
ching motion is increasing from 5 degrees to about 20 degrees nose right. This is only a
slight longitudinal-lateral coupling and will not influence the flight behaviour as a
whole.

As we have seen, chordwise overbalancing of the blade reduces the flapping respon-
se to all disturbances. If there is sufficient torsional flexibility in the blade, this
can be a highly stabilizing effect. Figure 20 shows the pitching moment derivative due to
angle of attack for the isolated rotor and for the total helicopter, including rotor,
fuselage and horizontal stabilizer. Shifting the c.g. forward by about 5%, the rotor in-
stability is reduced to about 50%, resulting in a neutral angle of attack stability of
the helicopter. It is interesting to note that there are only small stabilizing effects
with an articulated rotor. The reason is the low moment capability of this rotortype,
which makes it nearly insensible to all small control inputs in general and especially
to the small elastic inputs.

Regarding the stabilizing effects of favourable e.g. position in static stability
and damping, an essential improvement of dynamic stability can be expected for the rigid
rotor. Figure 21 shows the stability values of the BO 105 at medium flight speed. A corre-
sponding picture has been shown at a.c. variation in the foregoing chapter (Figure 16).
The c.g. position of the blades is very effective, stable conditions will be obtained at
about 20 position. Normal torsional flexibility of the SO 105 blades is considered in
this case. Therefore, these seem to be remarkable improvements. For comparison, the corre-
sponding values of a helicopter with an articulated rotor and a small horizontal stabili-
zer are shown in this figure. It must be noted that its basic dynamic stability is better,
but there is nearly no effect with change of blade c.g. position.

Further investigations were done for the rigid rotor to examine these coupling ef-
fects in more detail. As they are mainly produced by centrifugal forces, c.g. shifts
proved to be more effective at blade sections toward blade tip. Also, positive results
can be achieved by adding concentrated weights to blade leading edge. For example, by
adding a 4-pound weight on leading edge at 0.7 R spanwise position, dynamic stability
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will improve from tD - 6 sec to 20 sec at a 100 knots flight speed.

It is quite evident, that decreased flapping response by means of blade control is
equivalent to a reduction of rotor blade and hub bending stresses. This will be illustra-
ted by gust loads in Figure 22, where alternating bending moments at the blade root in
flapwise and inplane direction are shown. For this diagram it is assumed, that the air-
craft will not change its attitude with the gust, i.e. the increment of rotor moment andA
blade loads by pitching upward of the helicopter is not considered here. As the pitching
up tendency of the rotor is increased with aft c.g. position on blade (Figure 20), the
differences would be still more significant. It should be noted that alternating moments
in steady flight conditions, which are mainly first rotor-harmonic loads, are nearly not
affected by blade design. The elastic effects are compensated in this case by somewhat
different control inputs, especially in collective and longitudinal cyclic, in order to
obtain the trim conditions. It seems to be an important conclusion of these investigations,
that in addition to the improvements of flight characteristics a strong reduction of blade
bending stresses can be achieved. This will result in an increase of the fatigue life of
blades and rotorhead.

Elastic Pitch-Flap-Lag Coupling Effects

At the BDlkow Rigid Rotor System the feathering axis of the elastic blades is fixed
in a very stiff hubarm (1). As mentioned before, all blade motions, except of control in-
put, are due to elastic bending and torsion. By means of these deflections out of pitch
axis, moment arms for the aerodynamic and inertia forces are produced. Thus the blade sy-
stem will be subjected to elastic pitch-flap-lag coupling, when control system flexibility
is present. The physical principle is illustrated in Figure 23. The forces acting on a
blade element can be replaced by the spring-moments at the equivalent hinges, resulting
in the simplified relation, as shown in the figure. It is indicated that control system
dynamics are influenced by flapping (B) and inplane motion (C). The characteristics of
the coupling effects depend on flapping, inplane and control stiffness. As inplane root
stiffness is normally higher than flapping stiffness, the coupling factor in the simpli-
fied relation gets positive. For example, when the blade is coned up over the feathering
axis, a forward inplane deflection produces a feathering moment, which causes the blade
to pitch down.

Numerous investigations were done, to examine the physical basis of these couplings
and their influence on handling qualities of a helicopter. All parameters were included,
which influence the flapping and inplane motion. These are mainly precone angle, blade
sweep, blade flapping and inplane natural frequencies, lag damping and control system
flexibility. The studies have shown that nearly all effects are similar to 63-effects.
Its physical attribute is an "aerodynamic spring", which influences flapping frequency
and thus the amplification factor between control input and flapping response. In gene-
ral, these effects result in decreasing flapping with both positive and negative coupling,
showing a maximum at a definitive factor (11).

The main effects of a positive coupling are: improvement of static and dynamic sta-
bility, reduction of control power and damping. Some results are plotted in Figure 24,
showing the angle of attack stability and the pitch damping moment of the isolated rotor
in forward flight. The destabilizing moments, increasing with speed, can be reduced, for
example, by rearward blade sweep angle. Because pitch damping is reduced too, as shown in
the right plot, only slight improvements of dynamic stability can be obtained by these
effects. This is characteristical for 63-coupling. Similar results were obtained by in-
crease of precone angle or by a reduction of inplane natural frequency, for instance. It
should be noted that some of these effects could be proved during the development program
of the BO 105 helicopter and the Sud Aviation SA-340 helicopter with the hingeless rotor.
Improvements of maneuver characteristics and dynamic stability were obtained by corrective
actions, such as increase of precone and forward shift of blade c.g. (8; 10).

Finally, the possible range of improvements in flight behaviour due to aeroelastic
coupling effects is illustrated for the control characteristics (Figure 25). Increasing
flappinq stiffness of the blades leads to an increase of damping and control power of the
rotor; elastic effects from pitch-flap-lag-coupling will change the characteristics in
the opposite direction. In contrast, varying the c.g.-a.c. offset of the blades will re-
sult in an increase of damping with decrease of control power. The slope of this relation-
ship is perpendicular to the slope of the change of stiffness. This basic effect results
in a possibility of a wide range for damping and control power combinations for rigid ro-
tor helicopters with proper design.

5. CONCLUDING REMARKS

Experience with the hingeless rotor has indicated that the capability to produce
high moments is the main feature of this rotor system. The Bdlkow system with its fixed
control axes and the fiberglass blades of high elasticity offers in addition the possi-
bility to utilize aeroelastic coupling effects, which are highly efficient because of
the moment capacity. Theoretical studies and flight test data have shown the following
results:

The flight characteristics of a rigid rotor helicopter are strongly influenced by
the aerodynamic characteristics of the blade profile section. While increased maximum
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lift coefficient causes mainly an extension of maneuver-range and a reduction of loads
and vibrations, the pitching moment characteristics of the blade are of influence on con-
trol and stability behaviour. Shifting the a.c. of torsional flexible blades rearward
will result in an increase of rotor damping, improved static and dynamic stability with
only slightly reduced control power.

The same effects can be obtained by chordwise overbalance of the blade, i.e. a
c.g. shift toward the leading edge. Stabilizing effects can be reached in rotor damping
and static stability and thereby in -.aherent longitudinal stability, while control power
is somewhat reduced again. Besides of this, a reduction of blade bending stresses can be
obtained, ref-Iting in an increase of fatigue life for blades and rotorhead.

Additional coupling effects are caused by the blades flapping and inplane deflec-
tions out of the pitching axis. If there is torsional flexibility in the control system
or in the blade root section, these 83-similar effects can improve the static and dynamic
stability, while control and damping moments are reduced. Coning and sweep angle, as well
as inplane stiffness of the blade are active parameters in this respect.

Because of these aeroelastic coupling effects and their dependence on the specific
moment reaction to any kind of control inputs, the hingeless rotor system with its high
moment capability is well suited to tuned elasticity-control-systems. In general, the
effects increase with decreasing torsional stiffness of blades and/or control system. In
respect of applying elastic blade integrated feedback systems, the fiberglass technique
in blade design proves to be most advantageous. The BO 105 rotor blades can be modified
to include any desirable characteristics which can be obtained through incorporation of
the effects discussed in this paper.
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P~ig. 1 BO 105 with the Rigid Rotor System in Flight

rig. 2 Rotorhub arad Blade Attachment of the B8ilkow
Rigid Rotor System
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GROUND AND FLIGHT TEST EXPERIENCE

WITH THE WESTLAND SCOUT HINGELESS ROTOR HELICOPTER

D.E.H. Balmford
Chief Dynamicis t

Westland Helicopters Ltd.,
Yeovil, Somerset, England

1. SUMMARY

This paper summarises the flight test experience gained during the basic clearance of a Westland
Scout helicopter fitted with a reduced scale versiot. of the hingeless roior system designed for the
Westland W.G.13 Lynx helicopter presently under development for the British Army and the British and French
Navies. The basic clearance was aimed at producing an aircraft with sufficient capability to embark upon
a series of research tasks and as such was devoted to investigating the airworthiness and ha.-Al~i" of the
aircraft broadly within the limit of the flight envelopd of the ,tandard production Scout fitted with an
articulated rotor. Provided that these limits could be approached reasonably closely it was considered
that the aircraft would be adequate for its research tasks. The paper concludes with a statement of the
present status of flight testing of the Lynx helicopter.

2. INTRODUCTION

Approximately 4 years ago, the decision was made to employ a "soft" in-plane hingeless rotor system
on the Westland W.G.13, subsequently named the Lynx. This decision was made following a short but inten-
sive study of seven rotor systems by a Westland/S.N.I.A.S. study group. A fundamental design aim of the
Westland Lynx is simplicity and ease of maintenance, and it was these aspects which played an important
part in the final choice. Any resulting erhanced flying qualities were to be regarded as a bonus, and in
fact strenuous design efforts were made during the conceptual and detail design phases to depart from the
behaviour of the conventional offset hinge articulated rotor as little as possible. This attempt was
centred upon two main features. These were (i) the mininisation of the control power as expressed by the
head moment generated per degree of applied cyclic pitch and (ii) the reduction of feathering moment feed-
back due to structural coupling between flap, lag and torsional motions, and the feathering moments due to
the offsets of the lift and drag forces from the feathering hinge axis.

This basic philosophy led to the concept of rotor system shown in Fig.1. The main root flapwise
flexibility is provided by a tapered planform titanium element of elliptical cross-section (the "cutlet")
designed to provide maximum flexibility for constant stress under the applied flapwise and lagwise design
vibratory bending moments. Tne feathering hinge assembly uses conventional needle roller bearings, and
Ber'aix tension-torsion bars to transmit the centrifugal loads. The feathering hinge bearings are quite
modestly loaded, since the hinge is positioned just outboard of the region of steeply increasing flapwise
and lagwise steady and vibratory bending moment. (See Fig. 2) The flexible head element which providei
the major lagwise flexibility (tht "dog-bone") controlling the fundamental lag natural frequency is posi-
tioned between the feathering hinge and the blade root, and is a titanium component of circular cross-
section and slightly tapered along its length. It is manufactured integrally with the outer sleeve of the
feathering hinge. Provision is made on the Lynx for blade folding at the 2-pin blade root attachment.
Toe relative contributions to the total tip deflection in fundamental rotating flapwise and lagwise mode
shapes of the main coLponents of the rotor (the "cutlet", feathering hinge, "dog-bone" and blade) are shown
in F.g. 3, which indicates the worthwhile reduction obtained in blade axis displacements away from the
feathering hinge axis. However, some deflection is inevitable, and the adverse effects of their influence
on feathering moments have been minimised by the adoption of the circular cross-section dog-bone which
confers a very good degree of "matched stiffness" of the rotor system outboard of the feathering hinge.
As a further attempt to minimise the unwanted feathering moments, a reasonably high value of torsional
stiffness of the blade and control circuit between the feathering hinge and the servo-jack earth was
specified on the Lynx. The relief of the relatively thin "cutlet" from torsional mome.nt assisted in this
area.

A fundamental issue was the choice of first lagwise natural frequency. This was finally chosen to
be O.64R at normal operational speed, and represented the design compromise between a high sub-critical
situation wnich would minimise or eliminate the necessity for augmentation of the inherent structural lag
damping for suppression of ground and air resorance and a low frequency thich would obviate the problem of
large oscillatory lag plane bending moments at I R frequency generat"' luring manoeuvres which caused signi-
ficant in-flight .-nto•- , ced reductions, such as autorotative landing. It was considered highly probable
that it would be necessary to augment the inherent structural damping in the lag plane, and lugs were pro-
vided at each end of the dog-b•ne so that the bending deflection of the component could generate linear
motions of an hydraulic camper. That this was a wise provision was indicated when decay tests and forced
response tests carried out by accelerating the rotor through its lag resonance indicated the presence of
only 0.5% critical damping. The Lynx rotor has however, been run on a ground spinning rig up to the full
available twin engine power without the dampers.

After the initiation of the Lynx design programme, the desire by Westlands and the Ministry of
Technology for a helicopter for research purposes was growing, and it was considered that a very useful
first task would be to gain ground and flight test experience of the Lynx rotor system in advance of the
start of flight tests. To this end it was decided to modify two Scout helicopters by the addition of
scaled Lynx rotor systems. The sim was to preserve the radial proportions of the major elements, t, e
non-dimensional lag natural frequency and, as far as possiLle, the ratio of control power divided by
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aircraft pitching inertia. It was not intended to design a new blade for this exercise, and hence the
existing Scout blade was utilised by removing 9.25 ins. from the tip in order to preserve the original
total rotor radius.

It was desired to build into the rotor system the ability to vary certain critical parameters.
These were cyclic gearing between stick and blade root, pitch/flap (83) coupling, and phase advance
angle. The range of values provided in the design are

(i) gearing

a) longitudinal I to 2.6 degrees per inch of stick
b) lateral .5 to 1.2 degrees per inch of stick

(ii 90 to -170

(iii) phase advance angle 730, 670, anA 590

Fig.4 indicates the rotor head as fitted to the Scout and Fig. 5 gives general view of the aircraft
in flight. This aircraft, XP 189, was of pre-production standard.

In order to obtain desirable positioning of the 2nd -and 3rd flapwise mode and 2nd la6wise bending
mode frequencies, modifications were made to the spanwise distribution of nose balance weight and provision
was also mare for the addition of a concentrated mass at the position of the inboard antinode of the 2nd
flapwise moae. No attempt, however, was made to simulate the first torsional mode frequency. This was
due to the high value of the flexibility of the control system to which it was intended to make no modifi-
cations.

3. DYNAMIC LSPECTS OF THE CLEARANCE

3.1. GROUND RESONANCE

The prediction of ground resonance behaviour was based on a method which combines the theoretical
characteristics of the rotor system with measured natural frequencies and mode shapes of the airframe
chassis modes. The measured airframe characteristics were obtained from tests of a separate airframe,
ballasted to represent the actual aircraft. This test airframe was fitted with a standard production
version skid undercarriage which is very similar in principle to the pre-production standard, but has
certain detail differences which were considered not to be significant from a stiffness point of view.

The predictions indicated that about 1% critical blade structural lag plane damping would be
sufficient to prevent instability.

The ground testing was conducted in two stages:-

(i) With the airframe braced to the ground to form a stiff support for the rotor system, the
rotor was checked for aeroelastic instabilities, obviously appropriate to the hover and
near-huvor conditions only.

(ii) Ground resonance clearance of the rotor/airframe assembly, with the aircraft in the un-
restrained condition. Should however evidence of divergence be detected, tne restraining
gear could be hydraulically tensioned to place the airframe impedence characteristics into
an overall stable situation.

Whilst carrying out the testing described in (i) above, an instability was encountered at 60% lift
and a rotor speed of 440 r.p.m. (the maximum test overspeed). An investigation was undertaken to deter-
mine whether the incident was rotor system instability, or whether it was due to ground resonance. As a
result of the investigations, it was discovered that the fundamental pitch and roll frequencies of the
chassis modes were considerably lower than those of the impedance test airframe, and that the lateral
stiffness of the tethering gear in the tensioned condition was much lower than the design requirement, and
decreased with increase of applied load. Also the rotor lag plane structural damping was lower than anti-
cipated. When these three factors were taken into account, there was a predicted deficiency of 3% critical
damping in the lag mode. In order to resolve this issue as quickly as possible so that flight trials could
commence, it was decidee to augment the blade structural damping by fitting hydraulic dampers of the type
previously developed for the Scout articulated rotor. This damper was fitted parallel to the "dog-bone"
so that bending deflections of this component would cause linear displacements of the damper. The damper
has an initial V2 characteristic with a cut-off, and provided 8% critical damping appropriate to an equi-
valent blade oscillatory lag angle of + 30, i.e. well in excess of the predicted minimum requirement for
the suppression of ground resonance. Fig. 6 and 7 indicate the imaginary and real parts of the solution
of the relevant differential equations. Fig. 7 has been plotted in terms of the reciprocal of the
time to half or double amplitude, and demonstrates that there is no possibility of instability up to a rotor
speed well in excess of the maximum overspeed value. This prediction -as borne out by the fact that test-
ing of the aircraft revealed no tendency to instability throughout the f ill rotor speed range and for values
of rotor lift up to 1g. Practical tests with the aircraft tied down using normal production Scout centre
tie-down facility also demonstrated complete freedom from aeroelastic instability in the near-hcver condi-
tion and ground resonance up to a thrust state equivalent to the maximum available engine power.

3.2. AIR RESONANCE

Having considered it expedient to fit lag plane dampers in order to remove any possibility of
ground resonance, air resonance predictions were carried out assuming the availability of 8% critical
damping. Figs. 8 and 9 indicate the imaghary and real parts of the solution of the air resonance equa-
tions, ard it can be see:. from Fig. 9 that complete stability is predicted throughout the full opera..ional



rotor speed range with wide margins in both directions. The theoretical predictions are only appropriate ii
to hovering flight, but it is considered that forward flight effects are not essentially de-stabilising.
Fig. 8 is drawn for a thrust of 5000 lbs., whereas Fig. 9 shows the results for 5000 and 8000 lbs. of thrust.
Flight throughout the speed, altitude, C.G. and manoeuvre ranges have not shown any incipient tendency to
air resonance, and the aircraft is stable in this respect throughout the declared flight envelope, including
full engine-off autorotative landings.

It should also be stated at this Ltage that flight tests have not revealed any actual or incipient
form of instabilities which are not primarily dependent on coupling between the rotor and airframe motions
e.g., blade pitch/flap flutter and pitch-lag instability.

3.3. ROTOR LOADING

3.3.1. Derivation of design loading

Design spanwise distributions of flapwise and lagwise vibratory bending moments were established
under which the titanium elements should posses infinite life. This design loading was obtained from a
non-dimensionalising procedure using measured data obtained from flight tests of the S.N.I.A.S. Alouette
II fitted with the Bolkow hingeless rotor, and the design loadings predicted for the Lynx using a sophisti-
cated iterative performance and loading derivation procedure, where the dynamics of the rotor system are
represented by the first 8 coupled normal modes. Aircraft weight, number of blades, rotor diameter, rotor
speed and fundamental lag frequency were the basic parameters used. This loading was then used to design
the flap and lag flexible elements for infinite life.

3.3.2. Estimation of rotor loading spectrum

Whilst the design loading enabled the datum rotor design to be established, it did not assign a
working life to the rotor which must be sufficient to enable the basic characteristics of the rotor system
to be verified. Hance an attempt was made to estimate a loading spectrum for the rotor compatible with
the envisaged experimental programme.

Comparisons of the design loading, estimated loading spectra, and measured loads are made in Figs.
10 and 11. Fig. 10 shows the flap plane design loading and spectral loading distribution as a function
of radial station. Also shown are the oscillatory loadings for I g steady flight in moderate turbulence
in the speed range 10 to 115 kts. for both neutral and 5 ins. aft C.G. position, and the peak value of
oscillatory loading measured during a wide range of manoeuvres for various C.G. positions. These points
are the transient maxima for the manoeuvres and represent only a few cycles of loading per manoeuvre.
Fig. 12 represents the same comparison for the lag plane, and the two figures show that the measured Ig
loading is less than the design loading in the case of the flap plane, and a similar situation is true for
the case of lag loading at neutral C.G., whereas the design and measured lag loadings are the same for the
5 ins. aft C.G. case.

3.3.3. Control loads

The concept of the rotor is such that feathering moment feedback due to blade flap and lag deflec-
tions is reduced to a minimum compared with the more conventional type of hingeless rotor. This is due
to the "matched-stiffness outboard of the feathering hinge" concept. With the feathering hinge encastre
at its inboard end the ratio of non-rotating flapwise to lagwise frequency is 0.6. Therefore it was con-
sidered that the vibratory control loads should not be substantially increased over those experienced by
the articulated rotor. That this was the case is indicated by comparison of 1steady I g flight and man-
oeuvre loads for the two rotor systems shown in Figs. 12 and 13. In fact, the steady flight loads are
generally a little less than those for the articulated rotor Scout, with the manoeuvre loads being substa.,-
tially the same. It should be noted however, that the cyclic gear ratios are substantially diffe:ent.
(Fig. 16 refers)

3.4. AIRFRAME VIBRATION

The natural frequencies of the rotor system were positioned so that the amplification of the basic
aerodynamic forcing loads at frequencies contributing to 4R airframe vibration were constrained to an
acceptable level. Fig. 14 is an interference diagram for the datum design standard of blade balance
weight, and does not include the effects of any additional antinode weight which the design modifications
to the existing blade were required to accommodate.

The major sources of airframe vibratory loading at 4R frequency for a hingeless rotor helicopter
are considered to be :-

Mi) Vertical 4R shears at the rotor head.
The proximity of a flapwise bending mode to 4R excitation will amplify the basic loading.
The major mode of consequence is the 3rd flapwise mode at 4.73R which is well positioned
from this point of view.

(ii) Horizontal 4R shears at the rotor head.
4R in-plane excitation arises from the proximity of "hub-fixed" lag plane modes to 3R and 5P
excitation. Ihe only mode of consequence is the 2nd lag mode which at G.54R is very well
positioned for minimum amplification of this source of excitation.

(iii) PI.tch and roll muments at the rotor head.
4P pitck and roll excite.ions of the airframe arise from 3R and 5R moments rotating with tie
SotCr . These morn% - will give rise to significant magnitudes if' there are rotor, flapwise
inotes -lose to •R ann. )R exc.-tation. The 2nd flap n'ode at 2 .- 5.F and the 3rd flap mode at
4.73R have adaquate separation to avoid excessive amplification in this respect. Fig. 15
indicates the comparison between cabin area vibration levels in the 3 dlrection,, eompared
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with average levels for the production Scout helicopter.

4. AERODYNAMIC ASPECTS OF THE FLIGHT CLEARANCE

The main design features affecting the handling characteristics of the aircraft are those arising
from the considerably increased rotor head control moment and damping provided by the hingeless rotor
compared with that of the articulated rotor normally fitted to the Scout helicopter. The essence of this
is summarised in Fig. 16 which shows comparative "hover" control characteristics for the two rotors. It
is apparent that the ratio between the rotor "moment" control power and "force" power is substantially
altered. Also indicated for comparative purposes are the corresponding values for the Lynx.

The flying controls of the Research Scout were designed with provision for some latitude in the
selection of longitudinal and lateral cyclic gearing both individually and collectively. By this means
some freedom of choice in the selection of control sensitivity and harmonjsation was available.

The principal objective of the initial flying programme was to establish an engineering and air-
worthiness clearance for the aircraft prior to embarking on a programme of specific research tasks.
Recordings of appropriate basic aircraft parameters and strain gauges were obtained throughout the flying.
However, the general nature of the flight clearance programme precluded the acquisition of systematic
flight data to the level of accuracy necessary for detailed technical study, and accordingly only limited
trace analysis has been carried out as necessary for the flight clearance. Detailed studies in specific 4
areas will form the scope of future research programmes.

4.1. ESTABLISH•MT OF INITIAL DATUM STANDARD OF CONTROL GEARING

The rotor head moment contributed by the hingeless rotor system is approximately four times that
of the articulated rotor of the standard Scout. Since such increased control moment power could have
produced excessive control sensitivity with attendent piloting difficulties, and possibly critical struct-
ural loads, it was decided to adopt a desensitised cyclic gearing for the initial flights.

The selection of the control gearing was based on the provision of an adequate cyclic control
range for aircraft trim and manoeuvre purposes over an initially limited flight envelope. Thid control
range was associated with an available stick travel "box" of ii ins. fore and aft by 10 ins. laterally,
measured at the top of the stick. This resulted in a longitudinal gearing of 1.55 degrees per inch and
a lateral gearing of 1 .0 degrees per inch of stick. Also a symmetrical lateral cyclic range was initially
selected.

Phase advance angle was retained at the same value (730) as used on the articulated Scout, and
nominally zero 63 was adopted.

Longitudinal and lateral cyclic stick positions in trimmed level flight up to VMAX (115 kts. I.A.S.
at 2000 ft) for 5000 lbs. A.U.W. at neutral C.G. were measured and are shown in Fig. 17. The form of the
longitudinal stick position curve is similar to the standard Scout and shows positive static stability
above 45 kts. T'1 characteristic "hump" is apparent in the 20-30 kts. region. The lateral stick posi-
tion also shows this feature but is otherwise unremarkable. The "hump" characteristic is associated with
regions of low translational velocity and is attributable to the combined effects of complex rotor induced
velocity distributions and the interaction of rotor wake and airflow effects upon the airframe pitching
moment characteristics. It was found that the stick displacements required for low speed trim, partic-
ularly in the longitudinal sense, were somewhat greater than those required for the articulated rotor
Scout. This effect is mainly due to the alteration in cyclic gearing. The initial datuming of zero
cyclic resulted in the stick being further forward and to port than on the standard Scout. As a result,
the manual cyclic stick forces at high speed, although no heavier than on the articulated rotor, were less
easily managed due to the position of the stick relative to the pilot. Also, because of 'he longitudinal
stability characteristics of the aircraft, substantial fore and aft control displacements we,,e required for
satisfactory recovery from longitudinal control inputs at speeds greater than 90 kts. where proximity of
the forward control stop may have been limiting. However, early flight tests having confirmed tu• accep-
tability of the basic control gearing and harmonisation from the tandling viewpoint, it was considerex that
the only change required was a re-datuming of the cyclic stick aft by 1J inches and starboard by I inch.

This control arrangement proved satisfactory for the remainder of the clearance tests. Stick
displacements during manoeuvres for all flight and loading states were acceptable, and at no time did
available cyclic control range limit the manoeuvre within tha required flight envelope of clearance.

All flight tests were carried out at a nominally neutral lateral C.I. position and the sti-.k
marg.Lis available warn considered adequate for the lateral C.G. range of .+ i inches propcsed for th%ý
clearance. Occasionally, longitudinal dynamic stability tests at and above VMAX required the
application of full forward cyclic for recovery.

4.2. FLIGHT CLEARANCE

The flight envelope objective tested and cleared is shown in Fig. 18. This envelope is the same
as that for the articulated rotor Scout for a weight of 5000 lbs. up to a density altitude of 6000 feet,
but with the C.G. range restricted to 2 inches forward to 4 inches aft and + i1 inches laterally. This

was considered to be entirely adequate for the research tasks envisaged for-this aircraft.

The clearance was divided into 3 main areas

Wi) Low speed manoeuvres

(ii) Normal flight manoeuv-res up to 80% VMAX and

(iai) VVAX
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In the course of the clearance, the following positions of longitudinal C .G. were tested

1 .66" fwd; Neutral; 3" aft 5" aft

An assessment of handling and operation in high winds was also carried out.

4.2.1. Low speed manoeuvres -

Evaluation of the aircraft in this area was largely on the basis of the pilot's subjective reports.
In addition to the normal low speed manoeuvres, the following were also used to assess low speed handling:-

(i) Advancing "'" turns

(ii) Down wind approaches with late turn to hover

(iii) Sideways "sheep dogs"

(iv) Climbing reverse turns with large power change

The scope and vigour of these manoeuvres were aimed at covering all that is implied by the phrase
"normal manoeuvres of an Army tactical helicopter".

No handling problems were encountered during any of the manoeuvres at any loading tested, although
stick displacements in some oases were fairly large. However, the available cyclic stick range was always
adequate. Large movements of the stick were particularly apparent in the 20 kts. region where control
appeared rather sluggish. Basic control characteristics were rated satisfactory and no adverse pitch/roll
couplings were apparent.

The aircraft was tested in steady wind speeds up to 25 kts. with gusting to 32 kts. No difficul-
ties in this respect were experienced. Rotor accelerations and decelerations on the ground in these con-
ditions were reported to be superior to the corresponding articulated rotor.

Control response in the hover was assessed by the application of cyclic "pulse" inputs. Figs.19
and 20 indicate the responses to a nose-down input and a port input respectively in the hover.

4.2.2. Normal flight manoeuvres up to 80% VMAX

The four loading conditions were tested through the normal range of flight test manoeuvres firstly
at a pressure altitude of 2000 ft. and with the exception of the forward C.G. at a pressure altitude of
6000 ft. The forward C.G. and neuitral C.G. characteristics at 2000 ft. were so little different that it
was considered unnecessary to test this condition at 6000 ft. In the course of testing at 6000 ft. the
aircraft was flown at pressure altitudes up to 8000 ft.

In the speed range up to 80% VMAX the aircraft was easy to fly with satisfactory control character-
istics. During rolling manoeuvres there was a nose-up pitching tendency which was readily counteracted
with forward st.ick. Entries to, and recoveries from autorotation were straight forward. Very rapid
entry (I to 2 aec) to autorotation from a high collective pitch setting showed a strong pitch-doimn
tendency. This feature was dependent upon the rate of pitch reduction, and became more marked with
increased speed.

The aircraft was initially longitudinally dynamically stable with a tendency to become dynamically
unstable as speed increased above 50 kts., the effect becoming more marked with aft C.G. movement. However,
in comparatively smooth air the aircraft could be flown for prolonged periods without difficulty. In
conditions of moderate turbulence the effects of instability in pitch became more apparent requiring con-
siderably more attention from the pilot in order to achieve accuracy.

Stability in roll was substantially dead-beat throughout the speed range, but at the 3" and 5" aft
C.G. loadings the unstable pitch mode tended to intrude at the higher speeds, requiring eventual inter-
vention by the pilot. Corresponding tests at 6000 ft. produced similar results for equivalent airspeed
based on a normal density altitude relationship.

The manoeuvres tested included vigorous rolling reversals of + 450 bank, wing-overs and turns
through 1800 up to 600 bank. The tests were carried out at 100% torque at 50 and 80 kts. and were typical
of tests to which the standard Scout is subjected. Normal accelerations up to + 1 .7 g were achieved.

4.2.3. Clearance to VMAX

Substantiation of VMAX as defined by Fig. 18 entailed flight assessment of the aircraftoprogress-
ively up to 1.1 'MAX (130 kts. at 2000 ft; 112 kts. at 6000 ft.). At each speed increment, 30 banked
turns were executed to assess controllability and rotor loadings. Above 120 kts. it was necessary to
carry out this manoeuvre in a slight descent due to power limitations. Control and stability were also
assessed by means of longitudinal and lateral cyclic "pulse" inputs.

In conditions of calm to light turbulence the aircraft was fully controllable to 130 kts. but
became progressively more sensitive in pitch as speed increased above 90 kts. Longitudinal stick "pulse"
input showed the aircraft to be dynam.ally unstable in pitch, the rate of divergence above 115 kts. being
so rapid as to r.equire almost iomediate pilot intervention. Substantial forward stick displacements were
F-,,uent]y -q6A;-td to effect satisfactory recovery from high nose-up attitudes. Tests also confirmed the
tffectivene3s of a reduction in collective pitch as a means of recovery from excessively high nose-up
attitudes.

Flight tests to 130 .1ts. in moderate to severe turbulence illustrated the influence of the pitch
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instability on the level of pilot work load required to achieve a curacy.

Whilst not wishing to divert attention from the issue of t..a de-stabilising influence of increased
control power, it saoul4 be noted that the standard Scout with its 2% offset articulated rotor is dynami-
cally unstable in pitch and dasple.j; - -igorous response to longitudinal cyclic stick inputs compared with
many other helicopters. In fact, the overwhe.L.nii-b impression obtained by the pilots from the testing
described was that the handling characteristics of the Scout fitted with the semi-rigid and the articulated
rotors were very similar.

5. GENERAL STATUS OF THE TEST PROGRAMMES AND ITS RELEVANCE TO THE LYNX

The teet programme outlined above represented the work carried out to demonstrate that the aircraft
had a capability sufficient for it to embark upon a useful research programme. Subsequently, the aircraft
has completed a programme of run-on and full autorotative landings with no handling, stress or ground/air
resonance problems, the rotor speed at touch-down being allowed to drop to a minimum of 280 r.p.m. (70%
NR). Take-offs and landings on slopes of up to io have boon accomplished on dry soft turf. The tech-
nique used has been entirely normal, and no instability or stre.ss problems were encountered.

It should be emphasised that although variability of cyclic gearing, phase advance angle, and
coupling are built-in to the design, the full basic flight clearance was accomplished with the initially
chosen values, and no changes were required in order to achieve the flight envelope indicated. It was
originally intended to duplicate the hydraulic supply to the single channel servo jacks. This was because
it was known that the manual reversion characteristics at high speed of the standard Scout were such that
any increase in the basic cyclic control loads would not have been acceptable. However, the duplicated
supply system had not reached an acceptable stage of development for it to be incorporated at the commence-
ment of flight testing. Therefore it was decided to undertake manual reversion at frequent stages of
progression through the speed and manoeuvre range. This experience, together with the accumulating data
on measured pitch link loads convinced the pilot that loss of the hydraulic control system would be no more
of an embarassment than that of a standard production Scout, and it was considered fully acceptable to
continue the research programme with the basic single channel, single supply system.

The aircraft made its first flight at the end of August 1970 and to date has accumulated 45 hours
flying time. It is currently engaged on a programme designed to investigate the influence on handling of
the longitudinal control gearing. The second Scout modified to this standard first flew in June 1971 and
accumulated 7 hours flying time before delivery to the Royal Aircraft Establishment, Bedford, at the begir-
ning of August.

The Lynx made its first flight in March 1971, ana to date (July) has accumulated 20 hours flying
time, during which it has achieved a maximum forward speed of 160 kts., an altitude of 6000 ft. and has
flown at a maximum A.U.W. of 8,600 lbs. No major problems of handling, stress, and vibration have been
encountered, and there have been no signs of any form of ground and air resonance, or any form of rotor
aeroelastic instability.

Fig. 21 shows the Lynx in flight, and Fig. 22 shows the main feature of the production rotor head.

It is certainly the case that the background of experience provided by the hingeless rotor Scout
programme enabled a high rate of progress to be achieved in the initial programme of Lynx development.
In particular it gave the pilots great confidence in the handling qualities of the Lynx when they observed
the similarity with the Scout at the initiation of Lynx flight testing. It was recognised early in the
design programme and confirmed by simulator and Scout experience that the degradation of the longitudinal
stability characteristics due to the increased control power could represent a problem on a high speed pure
helicopter. Therefore the decision was made to incorporate the device known as the C.A.C. (computer
acceleration control). This device provides an input to the collective pitch servo control pgoportional
to aircraft normal acceleration. The aircraft is currently flying at a C.A.C. gearing of 1.5 of collec-
tive pitcr reduction per unit increase of normal "g" and this has reduced the pitch instability to entirely
acceptable proportions up to the presently achieved maximum speed of 160 kts.
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SOME TOUGHTS ON THE SA 341 "GAULLE" SPEED RECORD

J. SOULEZ-LARIVIDm

Depity Director for L. & D.

"AEROSPATIALE - Helicopters"

Ladies and Gentlemen,

While sp.paking from this tribune, I can see amongst the attendance nusrous friends already met during
the years I have been working on helicopters and V.T.O.L's. I would say they are getting older in the
same manner as aWself, and this ineluctable fact brings to my mind the idea to try to make us all youn-
ger by recmlling the pionneering years before the second world war, then the imediate poet-war period
which has seen, thanks to the efforts o" so mny enthusiasts, the helicopter coming out of "dremland"
to enter into tei field of industry and operation on a wider vind wider basis. And, this was the time
when it was of good form in a great number of aeronautical spherea, particularly amont our colleagues
manufacturing or operating fixed wing aircraft, to consider with an amnsed condescension this "toy* just
gocd enoxh to amuse people but unable to have, one day, any practical interest due to its nature-imposed
limitations. Speed was one of these and speed limits were predicated to the helicopter generally in round
figures of huJndreds of kilmetreu per hour (at least in the Atric oountries 1). Hundred kilometre. per
bnur, then quickly two hundreds, ware considered as being insurmoLatable barriers. Then, by the force of
things, it had to be admitted that the limit had been pushed up to 300 k/hr and now that this barrier
has been Jumped by numerous record breaking helicopters may people are Waing of 400 km/hr as being
the new unrealisable performance.

It is in such a contest thit It seems opportune to evaluate the record just broken by th,, "last-born"
of the Aerospatiale, the "SA 341 - GAZELW flying at a speed of 300-310 kn/hr.

After having commented it as a fact,, I .1.ll take advantage of the occasion to say a few words on these
famous speed limits and give you, o, this subject, my personmal feelings.

I

The record i

It is the 13th of My 1V71, we are at Istres, the airfield of the "Flight test Centre", near a~rignsne.
The weather is fine and a light wind blows at 8-10 knote. Four performaioes will be reo.rded during the
outbound and inbound flights over the speed base or the closed circuit i

- 3 kh at specified low altitude a 312.174 Wbhr

- 15 to 25 ke at selected altitude a M12.616 ka/hr

- 100 I in olosed circuit : 295.F89 km/hr

then, on the follomin• day, a fourth performance will be made over a 15 ka distance after the special
falrings, designed for the rectzrd breaking fLights, han been removed. In the production configuration,
vith 5 persons on board, a see*, of 293.400 ko'hr will be recorded.

First, it should be noted that these speeds are not the hisbot reached by helicopters. The SA 321
"Supeiv4relm", as soon as 1959, has exceeded a speed of 350 b/hr and the prea~nt record, held by the
"B3.ackhavw1", rtandu at 355.340 he/hr, but these speede are those reached by heavj helicopters and the
large lise is a favourable factor as the maulus orose-section increases more slowly than the weight and
power.. This fact Justifies the existence of several categories of records and, particularly a category
for saatl helcop'.drs.e

Further, It must bh said that the "large helicopters" records were broken by much lightened aircraft
cnd so, if we are consideri'. the fineness parameter " xV", which has an economical interest as

great as the speed, it can be noted that the record-breakful "Super-Frelon" has a rat 4o of about 2,
but for the SA 341 this figure wae 3 to 3.5.

On the other hand, tne laat performance noted which is not really a record as such, should, in our mind,
have a value at least ai great. In fact, it is the configurationp very close to the production staiard
'md at the production ailP weight, which hao allowed a speed close to 300 kb/hr. The only change Me
lo- the record and included x, this build standard, is relative to the undercarriage fairings. it 138
prcved to be sufficienaly beneficial, while simple, to be incorporated, after the record breaking flightt
in the production build standard.
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The conclusion to the above is that we can, without ^seing boastful, state in the 3A 341 commercial lit-
terature the following values : maximum speed about 300 km/hr; cruising speed 1 275 ko/hr. This is not
a sales argument or a performance out of the reach of production b'rcraft, it is tarly the performance
which can be achieyod practically by any aircraft sold to -,r customers.

The preparation for the record aJtompt

How did we get therg ? I feel that the description of the efforts which we huve made will surprise many
of you. The record attempt was prepared in one month and made in 8 days from the moment the decision to
break the standing records was taken. This mansa that it was an "easy" record, but the most difficult
was to take the decision i.e. to admit, for the helicopter, the interest of the speed factor and there,
it was all a history and a lot of ideas which had to be changed and that was not accomplished in one day.

In fact, by a qiite curious paradox, the blemish assigned, once for all, to the helicopter by the out-
side world which unsidere it as being a slow aircraft, unable of speedy flight and full of many other
umacknowledge t defecia, is so well anchored in our minds that even the helicopter operator and manufac-
turers, amongst whom we &" , seem to be fully convinced of such a state of things. This is well marked
by the lack of effort in this field, as well from the research aspect as for the design of really fast
helicopters.

However, from the technical aspect, an explenation may be found. In fact, up-to-now the problem of the
helicopter manufacturers was not to "produce speed" but g've to their customers an aircraft capable of
v-rtical take-off, and this type of machine is still nearly the only one to have such a capability, art
then transport the greatest possible payload at the lowest cost. But, the consolidated weight of power
was very great. When talking of large power installation, looming in the background are the weight of
the engine, fuel, transmission components, the reduction gear complexity, the fragility of the whole,
the costly maintenance, etc.. and in this litany of complaints there is sufficient work for the designer
so that he is not tempted to increase his work load by contemplating a faster machine.

With the piston engines, thean the first-generation turbine engines, the helicopter was essentially a
V.T.0.L. machine, as well in its design and operation as in the progress required.

Its problems were questions of mechanics, vibration, fatigue, etc... . Speed, aerodynamics, fineness .. ?

Yes, later, when the other problems would have been solved 1.

The speed record b.-oken by the SA 341 is a slight sign that this "later" has arrived and before analy-
zing the mesning of Uhis fact, let us examine the dctails of the preparation for the record attempt.

1. First, "Gazelle" has the advantage of having benefitted from the AEROSPATIALE's initial general
approach to the helicopter field, that is, the reserve of power. In fact, the exparience acquired on
piston engine! helicootera bad shown that the helicopter engines were always great sufferers. Operated
close to their power lTvt, poorly cooled, they were subjected to q.-te a heavy burden. Further, when
the take-off altitude or the temperature was increasing, the engine performance and, hence, the heli-
copter's was rapidly decreasing. So, when, appemred the "Turbomseca turbine engmns (between 1950 and
1955) which developed more power for a given weight, the AEROSPATIALE's policy was to install an over-
powerful engine on a given helicopter while trying to improve the payload by taking advantage of an
engine of equal power but lighter. The bad-minded paopl, are saying that, in fact, it was the only
way to have satisfactory engines, but this is very biased ,nd, truly, the "Turbomaca" engines has
provec to be excellent and reliable light weight engines.

The piston-engined "ALOUE'T I" bad an installed power of 150 KW for an &11-up-weight of 1150 kg;
the AL0ET II ARTOUTE, 260 KW for 1350 then 1500 kg. The ALOUETTE II ASTAZOU disposes of 400 KW
and "GAELLE" has 450 KW for 1700 kg. If, to go fast, pover is not the only vequisite, it is certainly
necessary. This overpower condition, which is not found on any other helicopter in the world, is
therefore well a primary condition.

2. Further, in the same spirit, the rotor characteristics are very fývourable to speed; the blades,
sufficiently wide to allow taking-off at great altitude, gave ti the ground a good margin relative
to the retreating blade stall. The blades, made of glass fiber and partly of carbon fiber, are with-
standing exceptionally well alternate loads and thus can accept the strong excitations menerated at
high speed. It is to be noted that the rotor head is not lully rigid, but only semi-rigid. To follow
tie fashion and also for its well-knowm inherent advantages, the mnchine hed been de3ignsd and built
with a rigid rotor head, but this configuration was found to be una:ceptable as soon as the speed
was exceeding that of present helicopters and it has been necessary to come back to a conventional
flapping hinge and be content with a rotor head rigid in the drag plano only.
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3. The general shape of the aircraft was, without any doubt, a progress relative to the former genera-
tion. But, we must a'mit that esthetice and fashion, which were no longer to the "string bag" heli-
copter of the heroTc 6"a, bad much to do in the decision to design a pleauant looking aircraft. For
example, it is to be noted that in spite of our merodynamists, who where loudly claiming that "the
undercarriage drags awfully", the general reaction was to think that it did not matter. Think of it I
a faired undercarriage, that will be heavy and costly !.

In the same way, the engine was well along the centre line of the aircraft resting on its skids, but,
unfortunately it was not at all oriented along the local flux, deviated by the general nose down
attitude of the aircraft and the ceflection in this rear section of the fuselage.

4. At last, with the shrouded tail rotor it was possible, in cruising flight to transfer the anti-torque
function to a fin which is much quieter and free from all kinds of limitaions. 14. Gallot has come
here to make a lecture on this subject.

We are now at the beginning of 1971. When finally it was admitted that "Gazelle", after all these
detailled arrangements, was no longer an aircraft so ugly nor so slow as first thought. In 1970,
dive trials had shown that the behaviour of the aircraft at high speed was perfectly sound and the
interest of an attempt to break the speed record for the relevant category began to be realized.
The rest was easy ; order was given to the aerodynamists to extract from their files the results of
the drag tests. They were granted a small testing period in the wind tunnel to determine how the
fuselage drag could be reduced; manufacture, test, record attempt, all was quickly done. On the figure
it can be seen that at the usual negative incidence angles, the parasite drag was practically reduced
by half (0.9 down to 0.45) by some simple modifications. The remainder of the aircraft was not changed.

First, the undercarriage having a considerable effect due to its own drag and also its moment tending
to increase the nose-down attitude and, hence, the overall drag.

Then the engine and main gear box assembly for whih the conventional aerodynamic procedures are fully
applicable. A "turtle deck" was installed around the main gear box and blending with the engine. The
rotor head was faired in by a "tray" covered by a "sea-urchin", wi:irling with the rotor and thus, a
substantial reduction was obtained. It is to be noted that thb wind tunnel tests, confirmed in flight,
had shown that it was necessary to blank off the fairing holus to obtain a good efficiency.

5. Lessons to be drawn from this record for the helicopter future

Will I fa 1 In the trap I denounced at the beginning of this paper and will I predict a speed limit
for the pure helicopters (400 1/'hr ?); no I refuse although such a limit exists surely. But, we are
forced to admit that this SA 341 has brocken a speed record nearly "without wishing it". It is an
aircraft, designed as in the past to do soao hovering and look nice, which has been capable to realize
such a performance. But, there are so many aerodynamic resources which are still unexplored if we
wanted really to go faster I.

But, do we really want it ? are the operators wishing it ? Instinctively, I would tend to give an
affirmative answer, as these operators are beginning to think in terms of "tons/kilometres" instead
of flying hours. I would answer also that the SA 341 materialize the boundary between the helicopters
designed for hovering and those which shall be optimized in the future to have an equilibrium between
hovering and cruising. But, I feel also that speed alone is not sufficient to interest the customers
if the price to be paid is too high, particularly for the fineness. In fact, if the fineness is not
improved, the increase in speed will be paid by a power installation which will grow as the cube of
this speed and a range which will decrease in the same manner, except if all the payload is fuel.
In the future, therefore any speed increase must be linked to an improvement in fineness. And this
is also a trend amongst the customers, the faster is the flight, the farthest one wants to go and
vice versa. And on this point, there is much to do, as, once again the parasitic drag increases at
the cube of th6 speed if nothing is done to reduce it.

but, there is some hope. First, I do not 63e any reason for the helicopter fuselage drag being .nhe-
rently much greater than that of the equivalent fixed-wing aircraft; carefully work-out the shapes,
retract the undercarriage, maintain a level attitude in cruising flight, and these are some obvious
remedies not however always easy to realize. Then, the propulsion efficiency of the rotor is excel-
lent and better than any other propulsion means (propeller or jet) of the fixed wing aircraft. At -4
last, there remains the rotor, the aerodynamics of which are in 1971 nearly the same they were in
1935, that is the aerodynamics of a rotor designed for hovnring. There is a wide field of research
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open to us tc find rotors capable to work efficiently and with a good fineness at high tip speed
ratios. The first rasults obtained in France from systematic tests run in the iodane large wind tunnel
have shown that we are still far away from the barrier.

Certainly, for the helicopter in its presei.t form with its nearly-vertical axis, this barrier exists,
would it be only for the disc inclinai ion required to propulsc a body at high speed. But on this point,
we have in front of us the derived for-ulae, the compound and particularly the convertible aircraft,
which will be capable to take over and which, for us, are still helicopters. But, this is an other
story.
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PROGRESS IN ROTOR-BLADE AERODYNAMICS

by

P. F. Yaggy and I. C. Statler
U. S. Army Air Mobility R&D Laboratory

Ames Research Center
Moffett Field, California 94035

SUMMARY

There has been a continuing effort over the past few decades to develop the technology of rotary-
iing aircraft. However, these efforts have been, for the most part, directly oriented toward the opera-
tional evaluation of a particular concept or configuration rather than the acquisition of future technology.
Relatively little consideration has been given to research aimed at understanding the phenomena and to
development of analytical methods for predicting the aerodynamic forces and momen~s. At an AGARD meeting
in 1967, Professor J. P. Jones assessed the status of the rotorcraft and concluded that only the very best
configurations could msrvive in direct competition with fixed-winj aircraft. He suggested that inadequate
understanding of the aerodynamics of the rotor constituted the primazy factor limiting improvements in
rotorcraft performance. With Professor Jones' presentation as a point of reference, this paper discusses
those areas of rotary-wing aerodynamics which ztill pose the most perplexing problems and those areas where
aerodynamic improvemerts are likely to have the largest pay-off in terms of wproved design and performance
of new aircraft.

In the authors' opinions, the primary factors inhibiting the performance of current rotary-wing air-
craft are the following:

1. Aerodynamic limitations leading to excessive power demands, loss of lift and propulsive capabil-

ity, and saturation of control rauage,

2. Unsatisfactory stability characteristics and handling qualities, and,

3. Restrictions imposed by vibration and fatigue considerations.

These problems are examined and discussed with respect to developments, particularly during the past four
years, in the aerodynamics of the rotor, the mathematical modeling of its wake, and the prediction of
dynamic airloads and tiheir effects on flying qualities. An attempt is made to correlate the statement of
these problems with research recently conducted and currently underway. The paper reviews recent develop-
ments in rotor flow studies, rotor-blade pressure distributions, rotor-blade boundary-layer analyses, air-
foil behavior in rotors, rotor-blade dynamic stall, unsteady aerodynamics of rotors, and the aerodynamics
of new rotor configurations. Progress over the past four years towards solution of the problem areas is
dibcussed in the light of comparisons between theoretical and experimental data. Results of past and cur-
rent research efforts are presented as foundations upon which projections are based. The paper concludes
with a suggestion for a coordinated treatment of aerodynamic research of rotary-wing aircraft aimed at
improving the overall performance potential of this class of vehicles.

INTRODUCTION

Four years ago (1967) at an AGARD meeting jointly sponsored by the R4P and FDP, Professor J. P. Jones
presented a most scholarly assessment of the rotorcraft titled "Rotor Aerodynamics - Retrospect and
Prospect" [1). This paper concluded that, except for the ability to rise vertically, most of the advan-
tages of VTOL had been eroded away by sheer engineering progress and only the very best configurations
would survive in direct competition with fixed-wing aircraft. The prominent use today of the helicopter,
in the absence of other operational VTOL aircraft, has proven that the ability to rise vertically and hover
efficiently is a most effective attribute in maintaining the helicopter's competitive position.

However, this efficient hover capability is obtained at the expense of translating the aircraft
through the air with the plane of its low disc-loaded rotor nearly parallel to the freestream. This condi-
tion, as is well known, leads to a myriad of problems which, formerly, were either generally ignored or
evaded by empiricism and engineering approximation. Many compound and composite configurations have been
tried to improve the speed and performance of the helicopter to approach those of fixed-wing aircraft and
a few new concepts are still subjects of research. It is of interest to note that these use either very
lightly loaded or very heavily loaded rotors (e.g., tilt ptopeller or lift fan/lift engine) for vertical
'light indicating the difficulty of combining efficient vertical flight and efficient forward flight.

It is evident that the helicopter not only enjoys a prominent place in current operational aircraft
inventories, but that it will continue to be prominent, if not in simple form, certainly as a compound.
Therefore, it is logical to ask what is being done to maintain or improve the competitive position of
helicopters.

Without repeating the detail of Professor Jones' eloquent treatae, a summary of the major points of
the paper is in order to establish a point of reference. Perhaps his most significant conclusion was that
the field of rotor aerodynamics, including, of course, dynamic and aeroelastic effects, offers the most
productive area of research. This fact arises primarily from the advent of the shaft-turbine engine which
permitted fuselages to be designed in an efficient aerodynamic shape, thus reducing the large parasite drag
resulting from earlier conffigurations. It is en'ouraging to see many rotorctaft emergirg that clearly show
the efforts of good aerodynamicists who have finally prevailed over the cut-and-try design engineers in
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reducing appendages dnd appurtenances which long have shocked and dismayed f'xed-wing-aircraft designers
and aerodynamicists.

Having concluded the importance of rotor aerodynamics, Jones assessed the basic problem areas as
emanating from the following: non-uniform spanwise loading resulting in heavily loaded blade tips; need
for small blades to minimize profile drag, resulting in high loading coefficienta; variations in relative
wind magnitude and direction with azimuth resulting in fluctuations in both lif. and pitching moment;
compressibility effects and flow separation on both the advancing and retreating blades; and reverse flow
on the inboard sections of the retreating blade in forward flight. It was concluded that these problems
were extremely difficult to resolve because the available theories were inadequat-. This inadequacy was
attributed to the highly nonlinear properties cf fluid flow through the rotor making not only formulation
difficult, but solution so complex that even the larger high-speed computers were taxed beyond capacity.
Theories o.' 1967 were simplistic in nature and incapable ot sophistication to account properly for the
nonlinear flow and wake interactive effects. Thus, a new comprehensive theory which calculated simultan-
eously nonlinear aerodynamic, aeroelastic and dynamic effects was indicated as required if real progress
was to be made in pushing forward rotor speed and efficiency.

It was also indicated that new facilities would be required, along with new experimental techniques,
to validate the theories generated. Jones felt that wind-tunnel testing, restricted to small scale and
fixed base, was incapable of scaling and simulating the dynamic response of flight and, therefore, he
envisionel new flight techniques, ground-test vehicles and highly sophisticated instrumentation. Larger,
specialized computers were projected, some of hybrid design, to permit simultaneous solution of nonlinear,
interactive mathematical formulations and for coupling simulations to actual flight-vehicle components.

Finally, Jones sagely observed that research for research sake would not always be valuable; research
should only be pursued as a buttress for engineering improvement, not simply for a new generation of
vehicles or a new speed range.

What, then, four years later is the state of rotor aerodynamic technology? Has the aerodynamicist,
and his kinsman tha aeroelastician, risen to the challenge? Has the designer been provided with new
criteria formulated by new, sophisticated mathematical models which adequately account for nonlinear flow
parameters, wake interaction and boundary layer characteristics? Have the fundamental arguments of two-
dimensional versub trxe-dimensional models, short versus long bubble transition characteristics, lifting-
line/momentum models versus lifting.-surface/crailing-cdge-vortex models been resolved? Can the aerodyna-
mics at or near the separation boundaries, where the rotor blade usually works be predicted? Have new,
"transonic" airfoil sections been developed to offnet the penalties of higher torward speeds? What is the
hope for more efficient, faster helicopters, simple oe compound? These questions form the basis for this
paper.

In 1926, Glauert developed the fundamental rotor theory based on the classical blade element concept
coupled with simple momentum equations. A year later Lock added the supporting analysis that provided the
foundation for performance predictions of rotors. Even ao, after 45 years we still find that rotor static
thrust cannot be well predicted, that the operational limits of rotors are still not clearly defined, and
that the vibration and acoustic excitations of rotors cannot b, accurately quantified. The fact is that
not until the last ten years, and particularly the last four, has any real progress been made in the basic
understanding of the rotor performance problem.

Over twenty approximations entered into the establishment of the original blade element concept. As
is indicated in Figure 1, these constraints were removed very slowly over the years until the introduction
of high-speed computers which provided the capability to model the problem in the required detail and to
process the vast amount of data necessary to understand the test results and to correlate them with analy-
ses. Although there has been substantiated improvement in the theory for pred`cting rotor performance,
much remains to achieve a satisfactory level of understanding. The limitations still remaining in the
mathematical representation of the problem appear to be associated largely with the inadequate model of
the rotor wake and with the lack of consideration for the effects of three-dimensienality of the flow
field and unsteady viscous effects in the boundary layer. The complex array of parameters is still too
difficult to consider in its entirety, even with modern high-speed computing equipment. Computer programs
are available or are being developed uhich separately represent considerations such as free wake, variable
inflow, unsteady aerodynamics, and tip effects. However, each of these is a large and time consuming pro-
gram to run. At present, there is not a single program which combines all of those elements required for
satisfactozy prediction of performance or maneuvering. The evolution of computers such as ILLIAC IV now
being developed, capable of simultaneous solution of nonlinear equations, might offer the needed capability.

With the helicopter becoming larger and more complex and the cost of development testing gro'ting
correspondingly, it is becoming increasingl; impervtlve that analytical tools be made available to design
engineers to enable them to make reliable predictions. Consequently, simple actuator-disc methods of
predicting performance have been replaced by complex wake models attempting to represent the details of the
wake and the vortex trajectories. Lifting-surface representations are currently under development for the
blade aerodynamics. Many studies are being pursued In an attempt to understand the fundamental mechanisms
of the rotor-blaJe boundary layer. However, most efforts still are directed toward the operational evalua-
tion of a particular concept or configuration rather than the acquisition of future technology. Applica-
tions requirements have driven the work that did not await technological development, with relatively little
consideration given to research aimed at understanding the phenomena and to development of analytical
methods for predicting the aerodynamic forces and moments.

The continued lack of understanding of the basic mechanisms largely is responsible for current
limitations on the operational capabilities of rotors.

"a the opinions of the authors, the most serious constraints on the performance of rotary-wing air-

craft today are the following:

1. Aerodynamic limitations leading to excessive power demands, loss of lift and propulsive capability,
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and loss of maneuverability due to saturation of control range.

2. Unsatisfactory stability characteristics and handling qualities, and,

3. Restrictions imposed by vibration and fatigue considerations.

These problems all emanate from rotor aerodynamic phenomena. Today's rotor systems still are all limited
in their operating weight/speed/altitude envelope by inadequate propulsive force, loss of controllability
or, most frequently, by some manifestation of aerodynamic stall effects. It is not possible to understand
these limitations without an accurate definition of the airflow passing through the rotor system and an
understanding of the characteristics of the airfoil operating in that environment. Although many important
studies directed toward this goal have been made in the past four years, much remains to be done. Some of
the more significant work is reviewed below.

THE ROTOR

A helicopter blade in the process of making one complete revolution, encounters a rapidly varying
aerodynamic environment due to the varying relative magnitudes of the forward flight and rotational velo-
cities, a complicated induced flow field resulting from the rotor wake system, spanwise flow due to blade
yaw as well as Coriolis and centrifugal forces, and the control and elastic motions of the blade. The
prediction of this flow field is difficult because of the complexity of the wake and the unsteady effects.
The recent development of variable inflow methods, using classical lifting-line analysis, represent a
considerable improvement in the state of the art, but they still do not permit airload distributions and
associated bending moments to be predicted with the degree of accuracy desired for detailed blade design.
One of the principal assumptions limiting the accuracy of these tneories regards the geometry of the wake.
In the prescribed-wake analysis, a particular wake model is assumed, generally a helical sheet made up of
discrete vortex filaments or a system of vortex rings, and the circulation strengths and inflows at the
disc aretdotermined consistent with this wake model. There is, however, considerable experimental evidence
that it is not enough to assume a semi-empirical wake shape for a particular blade, but that, if accurate
prediction of inflow velocity and performance is desired, the precise path of the tip vortex, particularly
its separation and radius as it passes under the following blade, must be known (see, e.g., Ref. 1).

The accuracy of the airloads in current calculations is limited, in part, by the use of lifting-line
theory which is not valid for the large variations of the downwash along the span associated with a nearby
vortex. The more accurate lifting-surface theory is needed to obtain the vortex-induced airloading. This
prob.Lam has been investigated by Johnson [2]. Although the lifting-surface solution has been shown to be
superior to the lifting-line theory in the calculation of vortex-induced loads on a simplified blade-vortex
configuration, the use of the lifting-surface soiition in the calculation of helicopter rotor airloads is
of doubtful value until many other problems are resolved A very accurate wake geometry model is required
in order to make fu.l use of the accuracy of the lifting-surface solution.

Even if the flow field induced by the rotor-wake-vortex system is assumed to be known, we are still
confronted with predicting the characteristics of lifting elements operating in compressible flow and
executing complex unsteady motions into stall. Unsteady effects arise not only from the angle of attack
variations, but also from variations in blade sweep angle and local velocity (3,41. Before the airfoil
designer can go to work, he needs to know the requirements to which he should design his new airfoil, and
he has to know what features are most desired in case he cannot achieve all the goals simultaneously. This
puts the burden on the rotor aerodynamicist who is soon embarrassed by these questions. Airfoil design
will be a compromise to meet conflicting requirements imposed by hovering performance and figure of merit,
"g" capabiliti the potential stall environment of the retreating side and the high-speed environment of
the advancing Lide.

Considerable evidence exists that two-dimensional, static airfoil data are totally inadequate for
purposes of predicting rotor system behavior. Moreover, the substantial gain in rotor system performance
capability produced by the introduction of cambered airfoils provides one positive piece of empirical data
to indicate the magnitudes of the performance improvements that might be achieved by developing airfoils
specifically tailored to the rotor performance requirements. The main effect of introducing leading-edge
camber is that the maximum lift coefficient is increased without adversely affecting any of the other
characteristics. Another recent and important development has been the introduction of spanwise profile
variation and its combination witt planform variation. Thin-tip blades and blade tip sweep have markedly
improved performance as shown by Spivey [5,6], mainly because the formation of shock waves on the advancing
blade tip is delayed. Airfoil design methods have recently become available which permit analytical opti-
mization of performance at selected operating conditions with one airfoil. Given this capability, the
helicopter designer can specify airfoil requirements in relation to the aircraft's performance and opera-
tion [7j. However, these techniques cannot yet address the usual limiting factor on speed and lifting
capability of contemporary helicopters - blade stall.

As aircraft speed or weight it increased until the retreating blade exceeds its stall limit. rapid
increases in blade loads, control loads, or rotor horsepower occur. Attempts to predict these effects by
using steady flow airfoil characteristics in strip theory analyses have been unsuccessful. The onset of
stall is predicted too early. Under conditions where rotor-blade-section angles of attack are predicted
to exceed steady-state stall values, the theories have invariably predicted conservative stall character-
istics; that is, the blade develops far more lift and has a very different value of drag than would be
obtained for static two-dimensional flow conditions. Figure 2 illustrates some of the more recent data.
The "stall limit" lines are actually limits of validity of the theory, even though stall and Mach number
are included in the calculations. Both the lixt for a given angle and the power for a given lift are, in
this case, much more favorable than is theoretically predicted. There Zs no significance in the angle-of-
attack shift between the theoretical and measured data below the stall limits in Figure 2. Only the slope

differences above the stall limit are of interest here.

It is now well established that classical rotor theories are incapable of predicting overall rotor
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performance characteristics in stall (see, e.g., Ref. 8). The ability of the rotor to experimentally disre-
gard the classical presumptions of blade stall is shown in Figure 2. Since blade stall limits the perform-
ance of the helicopter because of increased power requirements, aircraft roughness, vibration, and control
loads, a knowledge of the flow separation mechanism by which rotor blade stall develops is needed; however,
blade stall depends on the nature of the boundary layer which exists on the airfoil, and rotor boundary layers
are so complex that only recently have investigations Into their nature been undertaken [9,10,11].

Current efforts to improve the performance of rotary-wing aircraft have resulted in an increased
interest in understanding the role of viscous effects in these applications. The US Army Air Mobility R&D
Laboratory has undertaken a long range study concerning the fundamental nature of boundary-layer flows on
rotors and propellers, and how these boundary layers can differ from the more familiar two-dimensional
viscous flows around translating bodies.

McCroskey [12) measured the laminar separation, transition to turbulence, and surface streamline
directions on helicopter rotor blades in a variety of rotating and nonrotating configurations. The results
of these tests indicate that the centrifugal effects of rotation do not significantly alter the boundary-
layer development for most operating conditions. Laminar separation bubbles were observed near the leading
edge of the upper surface of the blades at moderate and large angles of attack and this phenomenon triggered
a sudden transition to turbulent flow. Surface streamline patterns were found to be the same for both lam-
inar and turbulent flows.

McCroskey's boundary-layer experiments indicated that, for the suction surface of typi.cal helicopter
rotors, the transition from laminar to turbulent flow is dominated by the chordwise adverse pressure gra-
dient and a conventional laminar separation bubble rather than by Reynolds number, rotational, or cross-
flow effects. However, this investigation completely ignored any unsteady effects and little was learned
about the actual mechanisms of stall on the rotating blades.

More recently, Dwyer and McCroskey [13] addressed analytically and experimentally the problem of
boundary-layer flow over a helicopter rotor. The limitations of their results are the following:

1. Separation results have been obtained for rotating, three-dimensional steady flows and for two-
dimensional, unsteady flows, but not for the complete helicopter rotor problem of three-dimensional,
unsteady flows.

2. Complete solutions for the potential flow which serve as boundary conditions at the outer edge of
the boundary layer are not available at this time and therefore the solutions of Sears [14) and McCroskey
and Yaggy [151 for infinite blades with constant circulation had to be used, and

3. The flow has not been calculated for blades with oscillating changes in angle of attack.

Nevertheless, within these limitations, the roles of the various physical effects have been identified and
the laminar flow on rotating blades is now well understood. The centrifugal force effect appears to be the
least important for helicopter rotor blades. The most important effects appear to be time derivatives and
crossflow derivatives. Also important are Coriolis forces and apparent pressure gradients induced by the
potential crossflow. For a helicopter blade in forward flight there is a substantial inviscid crossflow
due to translation and, therefore, the boundary layer generally resembles the viscous flow over a swept
wing. It appears quite possible that the major three-dimensional and unsteady influences that affect the
separation and stall characteristics of actual rotors occur in the turbulent regions of the boundary layer
rather than in the laminar flow. The correct flow model probably is a small region of essentially quasi-
steady, two-dimensional laminar flow followed by a three-dimensional, unsteady flow that has its initial
conditions in a chordwise direction determined by a classical separation bubble (see Figure 3).

Of course, the boundary-layer characteristics that actually prevail depend upon the flow field in
which the rotor is operating. In forward flight, the flow environment of the blade results from the com-
bined effects of the angular velocity of the rotor, the forward-flight velocity, the induced velocity of
the wake, and the downwash vorticity due to the wake of the previous blade. The angular velocity causes
the rotational effects on the blade such as the Coriolis and centrifugal forces that arise in blade-fixed
coordinates. The forward velocity combined with the rotational motion causes the flow over a rotor to be
unsteady. The inflow velocity influences the local angl- of attack and the slipstream contraction and the
trailing vorticity in the wake from the preceding blade can prodnce locally large changes in the flow
direction and angle of attack that are important in the boundary layer as well as in the potential flow.

THE ROTOR WAKE

in all the areas discussed above, the rotor wake has been the single item that has occurred repeatedly
in discussions of the ability to predict rotary-wing behavior. The rotor wake has a major itifluence on
almost all aspects of rotary-wing aerodynamics. Until the details of the rotor wake are well understood,
it will not be possible to predict satisfactorily the behavior of rotary-wing aircraft.

The importance of the vortex shed by rotor blades in determining the performance of the rotor has
long been recognized. For the three-dimensional wing in rectilinear motion, the vortex extends downstream
from the trailing edge to infinity. The induced flow from the sheet is small relative to the freestream
and its exact location is not too important in calculating the dowuwash at the wing. However, the wake
from a helicopter remains close below the rotor disc and a large portion of the velocity at the rotor disc
is induced by the wake. The first attempt to calculate the vortex wake was made by Goldstein (161 who
assumed that the vortex wake was a reguiar helical surface and obtained a solution for the velocity poten-
tial of a cylindrical, helical vortex sheet. His analysis gives good r.sults for very lightly loaded rotors
or propellers. Lock [171 extended Goldstein's solution to take account of the variation of load with
radial distance on the rotor blade. However, the classical wake theory used in predicting the behavior of
lightly loaded rotors is not applicable to the more highly loaded, higher-speed modern rotors. Modxfica-
tions of the classical wake have been devised in order to make the wake models conform more to the actual
rotor wake.
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When the loading for a rotor varies with azimuth angle, the vortex shee.t cor.ca•as vortices shed
parallel to the trailing edge as well as trailing vor :.. Lines in the flow direction. Early attempts to
account for the unsteady aerodynamic effects assimed a rigid wake; that is, i wake convected with the free
stream velocity and the average induced flow through the rotor computer bj mxmentum theory. For a heli-
copter in horizontal flight, this assumption leads to a helical surface seewd by the angle whose tangent
is equal to the ratio of the average flow through the rotor disc and the spevd of horizontal flight. The
normally skewed, helical-type vortex wake for a helicopter in forward flight was replaced by spaced rec-
tangular vortex sheets by Willmer (181 and also by Molyneax 119).

To treat the helicopter in hover over a ground plane, Brady and Crimi :20], lepresented the tip vor-
tex wake by a series of Helmholz finite-core ring vortices issiing periodtcallr from a reference plane

above the ground plane. To satisfy the ground-plane boundary conditions, images of the ring vortices were
added to the solution. Unlike the wakes described by previous investigators, the effect of the indured
velocity of the wake on its own motion was taken into account. Parameters of the ring-vortex systeme such
as the time between the issuing of adjacent rings and the circulation were identified with parameters of
the rotor such as the rotational rate of the rotor and the rotor blade lift.

All of these techniques were attempts to represent the true vortex wake below the helicopter rotor
disc by models which yield simple integrals requiring, at most, numerical quadrature. These theories
predict many of the phenomena observed In helicopter rotor response and yield approximations to thrust and
to the trends in the variation of certain parameters. With the development of high-speed, high•zapacity
computers, more realistic approximations to the rotor wake were attempted. Piziali and DuWaldt [21,22]
assumed that the shed and trailing vortices retain the individual velocities with which they leave the
L.ailing edge. Since this procedure neglects interaction of the vortices with. their own motions, the
rolling up of the vo:tex sheet is accounted for by arbitrarily replacing the vortex sheet by two trailing
vortices in the far wake. This prescribed-wake analysis yields somewhat improved results for non-uniformly
loaded rotors, particularly for iorward flight where the free stream velocity is large compared to induced
velocities and the wake is convected away from the rotor. However, for a helicopter hovering or ascending
in a small crosswind, this wake model does not predict the performance with satisfactory accuracy. It was
assumed that the wake is well behaved and any possibility of direct interference between a near wake and
the blades was ignored. Figure 4 shows the large discrepancy betleen the actual power required for a given
thrust of a hovering rotor and that predicted by either the Goldstein-Lock analysis, the momentum strip
theory, or the prescribed-wake model. Jones and Noak (231 reported on a study that was made to determine
the paths followed by the vortices trailing from the blade tips of a hovering rotor using continuous smoke
emission for flow visualization. The positions of the vortex cores were measured and indicated that the
wake constraction of not a smooth process. The trailing vortex remains substantially in the plane of rota-
tion until the close approach of the following blade and there is clear evidence showing significant depar-
tures from the traditionally assumed helical tip trail.

Crimi [24] attempted to develop a more realistic wake using finite-core vortices with the core size
determined by conservation of kinetic energy assuming a linear distribution of vorticity in the core.
From observations of smoke studies which indicate that the vorte- sheet rolls up into a strong tip vortex
in a few chord lengths beyond the trailing edge, and that the inboard vortex rises through the rotor disc
and dissipates, Crimi assumed that the wake could be represented with sufficient accuracy by a
single tip vortex. A classical wake of straight-line segments is first calculated using momentum theory
for predicting the motion of tip vortices. Tne vorticity of each tip vortex segment is assigned a strength
equal to the maximum circulation on the rotor blade at the instant it is shed. The wake is then allowed to
move with the combined velocity of the free stream and the total induced velocity including that due to the
wake. The calculations of the wake motion are continued until the wake becomes periodic. Crimi's predicted
wake trailing behind a two-bladed rotor in forward flight (Figure 5) shows substantial distortion relative
to the skewed helix which he attributes partially to the perspective and the rest to the integration incre-
ment chosen. This wake model was also presented by Jones in his 1967 review [1).

The single tip finite-core vortex model of Crimi does not adequately describe the flow at the rotor
disc because it neglects the effect of rolling up of the vortex sheet at the trailing edge of the rotor.

The most recent attempt to develop a method for computing the vortex wake was made by Clark and
Leiper [3]. They represent the rotor by bound vortices made up of two-dimensinnal segments. At each dis-
continuity, single vortex filaments trail behind the rotor at the local velocity. A classical wake is
constructed similar to that of Piziali and DuWaldt [21) which is allowed to move with its own induced
velocity as well as with the free stream and the induced velocity of the wing bound vorticity. The rolling
up of tCa vortex sheet to form a strong tip vortex is not considered as all filaments shed from the rotor
blade trailing edge are retained throughout the calculations. However, because the wake intsraction is
taken into account in the calculations, the wake is observed to roll up along the outside spiral. The
helical-type sheet moves downward very slowly near the anis and appears to reverse direction to move up-
ward through the rotor disc.

This free-wake analysis was used to predict the hovering performance of the Sikorsky CH-53A rotor at
high thrust level. The results are summarized in Figures 4 and 6. Figure 4 shows a comparison between
measured performance and the performance calculated using the free-wake analysis and other existing tech-
niques. The results of the free-wake analynis shows considerably improved correlation with the experimental
data.

A clear indication of the significance of the close passage of the tip vortex from the preceding
blade is found in the distribution of loc.,L angle of attack along the blade (Figure 6). The interfering
vortex induces a large decrease in angle of attack inboard of the interference radius, and a corresponding
increase outboard. The interference effect is significant when compared with the distribution of angle of
attaLk predicted using blade element theory. The large peak in the uistribution of profile power shown in
Figure 6 is associated with the vortex-induced angle of attack increase and is characteristic of an airfoil
operated well beyond the critical point. The blade outboard of the interference radius is obviously stalled
and the flow separated. This conclusion was supported by tuft pictures taken during whirl tests.
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Lie free-wake analysis of Clark and Lelper appears to be the method which most nearly takes adequate
account of the influence of the wake-induced velocity on the position of the wake itself. However, the
extremely cost:y calculation times required by this method preclude its extensive use in the design of
helicopter rotors. Research is needed to develop a method that ±s computationally simple- to that of Clark
and Leiper but more general than that of Crimi.

DYNAMIC AIRLOADS

The wake-induced velccities at the rotor disc are primary factors in the establishment of the un-
steady flow environment of the rotor blade and, hence of its dynamic airloads. This is indicated by the
theoretical local angle-of-attack distribution based on a variable inflov model com,•ared with that based or.
a uniform inflow model shown in Figure 7. Not only do these effects manifest themsel\ves directly as cot,-
tributions to the higher harmonic airloads but more importantly, they provide the envi,,onment for dynamic
stalling of the rotor blade.

Rotor blade stall is a dynamic phenomenon associated with the rapidly changing angle of attack that
characterizes a helicopter rotor blade as it traverses the rotor disc, particularly on the retreating side
of the disc at high advance ratios (Figtve 7). The importance of the concept of dynamic stall for a rotor
operating at high forward speed is that the blade sialls at a time when the rate of change of angle of
attack is very high (Figure 7) and the lifts and moments initially are several times larger than the
corresponding static stall values. As indicated in Figure 8, the inability of the quasi-static stall
theory to predict rotor lift for a given pitch control, shaft tilt, and advance ratio is responsible for
the poor correlation between theoretical and measured performance when blade stall is prevalent. Not only
does the nonsteady penetration of stall alter the lift characteristics of the airfoil but it also alters
the moment characteristics. Ham and Young [25] have shown that negative aerodynamic damping of blade
torsional vibration can occur during dynamic stall. Such torsional vibrations increase the torsional
stresses in the blade to the point where they are sufficiently severe to reduce the fatigue life of rotor
mechanical components.

Recently several investigators Ihav studied the problem of predicting the aerodynamic loads on a
blade section undergoing dynamic stall. Ham [26] has represented the dynamic stall process by the shedding
of a concentrated vortex from the airfoil leading edge and has developed a theory based on this model.
Ericsson and Reding [27], on the other hand, have developed an analytical method by which airfoil static
aerodynamic data might be used to predict the unsteady variations in airfoil lift and moment.

While methods such as these might be useful in making predictions of unsteady aerodynamic effects,
they do not go to the root of the problem. Basically, stsU is a phenomenon whirh is related directly to
boundary layer separation and any complete analysis of stall, either steady or unsteady, must includo the
eftect of boundary layer separation.

hecently acquired oscillatory aerodynamic data such as those presented by Gray and Liiva [281 are
illustrated in Figure 9. The comparison of the static and dynamic characteristics shown in this figure
demonstrates very clearly that proper lift and moment behavior of the airfoil can only be determined dyna-
mically. The dynamic stall characteristics of syonetrical and cambered eleven-percent and six-percent-
thickness-ratio helicopter rotor blade airfoils have been determined in a two-dimensional wind tunnel. The
airfoils were oscillated in pitch about the quarter chord. Mach number, Reynolds number and the reduced
frequency corresponded to those of a full-scale helicopter rotor blade on the retreating side of the rotor
disc. All the airfoils exhibited dynamic increases in the maximum normal-force coefficients compared to
their static values. The dynamic increase in the maximum normal-force coefficient is highly dependent on
Mach number and becomes very small at Mach numbers greater than 0.6. There are regions of negative damping
for angles of attack near stall and for Hach numbers below 0.6. Symmetrical airfoils have a wider range
and an earlier inception of instability than the cambered airfoils.

The negative aerodynamic damping is caused by time lag (hysteresis) effects in the blade pitching
moment versus angle-of-attick relation and can result in large torsional blade deflections and large con-
trol loads. The existence of excessive torsional loads feeding into the control system is a primary limita-
tion on rotor operation. It is a direct result of the dynamic stalling of a large portion of the blade and
is commonly called "stall flutter". Tarzanin (29] has developed a semi-empirical aeroelastic theory that
clearly demonstrates the fundamental dependence of sLall flutter on the dynamic stall delay. The effects
of varying stall delay are illustrated in Figure 10. Calculated moment-coefficient hysteresis loops, with
and without dynamic stall delay are shown for an airfoll in a constant flow field oscillating with an
amplitude of five degrees about a mean angle of attack of fourteen degrees. These results show that the
regions of negative damping (shaded area) decrease as the stall delay is eliminated. A comparison of the
calculated pitch-link-load waveform, with and without stall delay in the lift and pitching moment, is also
shown in Fibure 10. The introduction of dynamic stall delay not only greatly increases the load5 but also
dramatically changes the waveform with the appearance of stall spikes.

Harris, Tarzanin, and Fisher [8] formulated an empirical approach to evaluate the unsteady, three-
dimensional aerodynamic effects on the rotor stalling process. This entailed a pure analog computer simu-
lation that was an extens'tn of work performed by Jeffrey Jones [30]. The simulation contained rigid blade
ilapping, coupled first modes of flap bending-torsion, uniform downwash, reverse flow, and several small-
angle assumptions. Figure 11 shows considerable improvement in the correlation with the engineering
approximation to unsteady, three-dimensional blade stall effects in predicting rotor lift characteristics
for a given pitch control and shaft tilt. Not only were they able to show improvement in the prediction
of rotor lift, even though extensive regions of stall were present, but also good correlation was achieved
in the prediction of the rotor lift-effective drag polar as is evidenced in Figure 12. The improvement in
prediction capability apparently is attributable to both spanwise flow effects and unsteady aerodynamics.

Although this engineering approach resulted in improved rotor performance prediction, the double
integration of the loLal airloads involved tends to average out competing factors in the approximations to
the ,ecrional characteristics. Therefore, it is reasonable to ask whether the blade element airload chAr-
acteristics predicted by this method, such as those shown in Figure 13, do indeed represent the sectional
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characteristics in the actual rotor environment. The most unusual features of the empirically predicted
sectionr.l airloads are in the regions where classical airfoil data would exhibit stall phenomena. Measure-
ments ade at MIT of the differential pressures on a typical model rotor blade as it experienced stall
durin& hovering tests revealed that % large suction peak originated near the blade leading edge as the
blade approached Its maximum nose-up position and then moved aft toward the blade trailing edge as the
blade started its nose-down motion. It was suggested that the motion of this large suction peak was indi-
cative of the shedding of intense vorticity from the vi-inity of the blade leading edge as dynamic stall
occurred. Subsequent experiments with a two-dimensional airfoil undergoing high liear rates of change of
angle of attack substantiated that the maximum dynamic lift a-hieved was considerably higher than the
maximum static lift. In addition, the results of these tests were compared with the corresponding dynamic
lift variations synthesized by Carts from -xperimental oscillating airfoil data. The signific-n, differ-
ence suggested that the use of oscillating airfoil da.a to determine blade airloads during .raesient or
non-oscillating angle-of-attack changes could be quite unconservative, at least for large pitching rates.
Ham recommended that transient dynamic stall data should be obtained from representative transient motion
tests such as those of Ham and Garelick [31] rather than synthesized from data for airfoils oscillating
through the stall.

Ham suggested that the separation mechanism is that shown in Figure 3 and that an understanding of
the dynamics of the separation bubble is essential if the airfoil dynamic stall angle of attack is to be
determined theoretically.

Fisher and McCroakey [32] undertook to examine the validity of such speculations on the basis of data
obtained from a highly instrumented model rotor. They found that for the advancing blade, that is, in the
first and second quadrants, the measured surface streamlines essentially followed the ideal local sweep
angles. In the second quadrant, the measured blade element circulation per unit span increases rapidly.
However, the measured pressure and skin-friction distributions remain similar to those measured statically
as is shown in the left half of Figure 14. This means that large amounts of vorticity are being shed into
the wake of the blade in a classical manner. In the third quadrant the stall onset region is entered (see
Figure 7) and a heavily loaded rotor blade experiences a sequence of several distinct events that oc.ur
prior to complete blade stall. The similarity to static data disappears and subtle changes begin to take
place in the pressure and skin-friction distributions as the blade passes an azimuthal angle of 200 degrees.
A separation-like phenomenon appears in the boundary layer and the surface streamlines on the upper surface
suddenly start to turn radially outward with respect to the ideal local sweep angle. The center of pressure
begins to shift aft from its location near the quarter chord. The pressure distribution still exhibits a
strong auction peak even though the angle of attack is well past the static stall value. At an azimuth oZ
210 degrees, the lift coefficient is still increasing and the center of pressure moves aftward and the
nose-down pitching moment increases more rapidly, as indicated in Figure 15. Figure 14 shows a substantial
increase in the negetive pressure coefficient at the midchord region on the upper surface while the leading-
edge suction peak io still clearly present. The suction peak at the leading edge starts to collapse at an
azimuthal angle of 215 degrees but the midchord suction continues to grow. Both the negative pitching-
moment and the lift coefficle•as grow rapidly. Thi normal-force coefficient and the negative pitching-
moment coefficient attain their maximum values at approximately 240 degrees (see Figure 15), both at values
considerably higher than are achieved statically. Shortly thereafter, the lift stall occurs because of the
reduction in the suction at the midchord. The blade now enters the region of deep stall. In the region of
azimuthal angles between 270 degrees and 345 degrees, variations occur in the pressure distribution but the
suction at midchord on the upper surface remains the dominant feature. At 345 degrees, the blade passeo in
close proximity of a vortex shed by the preceding blade and then passes thro.gh the wake of the hub. At
this time, the pressure distribution quickly changes to that typical of two-dimensional static data with an
established leading-edge suction. The attached boundary layer characteristics are reestablished and the
center of pressure is stabilized as the blade begins another revolution.

The rate of change of local blade angle is the predominant factor in this flow mechanism. The un-
usually high adverse pressure gradients experienced dynamically by the airfoil o" its leading edge, exist
as long as the angle of attack is increasing at a large rate. When this rate . increase becomes small,
the flow field becomes unstable and the suction peak collapses, at which time ;ortex apparently is formed
and shed from the leading edge of the airfoil. This vortex weeps back acros- the chord of the blade
at a velocity significantly less than the local freestream velocity and causes the various stall events to
occur. The basic mechanism of the dynamic stalling process of the rotor is increasingly dominated by
dynamic vortex shedding from the leading edge as advance ratio increases. However, at low advance ratios
in maneuvering flight, blade-vortex interactions, or blade elastic excitations can play significant roles
if they produce rapid changes in the angle of attack of the blade as it traverses the rotor disc. It is
now suspected that separation bubbles similar to those found on an airfoil during dynamic stall occur
during zhe lx.teraction of a rotor blade with the returning vortex from its own tip or that of another blade.
Recent tests at HIT have indicated that during such a blade-vortex interaction, the chordwise pressure
distributions on the blade, when it is in close proximity to a vortex, resemble those found on a dynamically
stalling blade.

Contemporary empirical theories that account for three-dimensional, unsteady effects can adeq.'ately
predict blade element forces and moments on the advancing blade and during the del-: to the onset of stall,
but not after the blade stalls completely.

FLYING QUALITIES

The dynamics of the rotor airloads also establish the stability and control characteristics and the
flying qualities of the helicopter. Basic controls of the rotary-wing aircraft are the collective pitch
and the cyclic pitch. In hovering flight, the collective pitch changes the total thrust of the rotor and
the power required, whereas cyclic pitch changes the tilt of the thrust vector without significantly chang-
ing its magnitude or the torque required. However, in forward flight, changes in collective pitch will
also change the thrust vector tilt and changes in the cyclic will affect both the magnitude of the thrust
vector and the power required. This nonlinear coupling of the controls is the result of the structural
dynamics of the rotor and the azimuthal variations of the airloads. Cross-talk effects such as these
become even more significant to aircraft flying qualities with increasing size of the vehicle.
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Flight through gusty air poses another special problem in the flying qualities of rotary-wing-type
aircraft. It is considerably more complex than the corresponding problem for a fixed-wing aircraft. For
example, the detailed response of a helicopter rotor to a sharp-edged gust will depend on the azimuthal
position of the first blade to enter the gust. Another consideration at high forward speed is that the
helicopter might have some part of the rotor disc stalled or, at least, very close to stall. Entry into
the gust might change the rotor operating condition from one in which only a small portion of the swept
area is stalled to one in which a large portion is stalled.

In general, rotary-wing aircraft experience milder reactions to gusts than do most fixed-wing air-
craft, but this is not substantiated by simple theoretical considerations. It has been customary to deter-
mine the normal rotor forces due to sharp-edged gust by using charts such as those developPd over twenty
years ago b. NACA [331. Since this method does not take into account rotor limits at high advance ratios,
it yields very conser%ative results. The development of helicopters with higher forward speeds and higher
disc loadings and the addition of wings and auxiliary propulsion in the case of compound helicopters have
made the present methods of determining gust response inadequate. At high speeds and for disc loadings
greater than about six pounds per square foot, the computer load factors are too high. When, in addition,
gusts are super-imposed on maneuver loads, an unrmalistic design situation is created. Drees and Harvey
[34] did an analytical study of the response of helicopters to discrete gusts. Their results indicate that
the added considerations of gust profile, non-steady aerodynamics and gradual penetration have a primary
effect on the gust loads. Recent studies by Hohenemser (see, e.g., Ref. 35) have added to the understanding
of the response of rotors to random gusts.

It has been accepted generally that the flying qualities requirements should be tailored to the par-
ticular prime mission of the vehicle under cors.ideration. For example, it is unlikely that the flying
qualities which are optimum for a weapon platform will also be optimum for a transport aircraft. However,
it has not been possible, thus far, to translate this intuitive knowledge into a cohesive set of handling
qualities specifications. Although, work is underway in that area, the moving-base simulation technique
most likely offers the best approach to this current dilemma. Simulation techniques can be used to arrive
at a set of specific stability and control requirements to assure that the handling qualities of the vehicle
are satisfactory for accomplishing the aircraft's mission and that the stability and control characteristics
meat the flying qualities objectives. Fundamental to the problem of developing a satisfactory simulator is
the fidelity with which it simulates the real world and a very important part of this representation for a
helicopter is the mathematical model for the aerodynamics of the rotor. The success with which a simulator
can be used to establish flying qualities requirements depends upon understanding the aerodynamic mechanisms
significant to the generation of forces and moments and the accuracy with wh!ch they are represented.

N•EW ROTOR CONFIGURATIONS

Research and development efforts to overcome the limitations of the conventional helicopter rotor
have usually concentrated on providinp a wing to share the load with the rotor in order to achieve higher
speed and maneuverability. However, in recent - .rs, a variety of new rotor configurations have been
investigate, in an effort to overcome the aerodynamic limitations of the conventional rotor while retaining
the operational advantages of low disc loading. Research in rotor concepts pursued by the US Army Air
Mobility R&D Laboratory and its co-participants has included design studies (and in some cases wind-tunnel
tests) of the hot-cycle rotary wing, the tilt prop-rotor, hingeleas stopped/stowed rotor, shaft-drive and
warm-cycle heavy lift rotor systems, matched stiffness/ flexure root rotor system, stopped, folded and/or
stowable rotor systems, the rotating-wing concept and the jet-flap rotor system. Wind-tunnel tests have
been completed successfully on the forty-foot diameter Advancing Blade Concept (ABC) rotor system, and on
a twenty-five-foot disaeter tilt prop-rotor system. Both of these rotor 3ystems used in the wind-tunnel
tests were full-scale flightworthy systems. In addition, scale-model tests are currently being conducted
of a telescoping rotor system capable of forty-percent diameter reductions in flight. Model tests and
analysis have been conducted on the Controllable Twist Rotor (CTR). The US Naval Ship Research and Develop-
ment Center has tested a six-foot diameter circulation controlled rotor and plans to test a twelve-foot
diameter, dynamically scaled rotor in the NASA-Langley Sixteen-Foot Pressure Tunnel. The Navy is also
studying the Reverse Velocity Rotor (RVR) in which a cyclic pitch change is introduced in addition to the
basic cyclic pitch change so that the retreating blade presents a positive angle of attack in the region of
reverse velocity. The NASA-Langley Research Lenter is currently studying variable geometry rotors with the
objective of achieving some direct control over the dynamic interaction of the blades and the tip vortices.
The US Army and NASA are also planning the development of a rotor test vehicle, a flying test bed which will
permit conceptual feasibilitv demonstration of new rotor systems.

REPEARCH REQUIREMENTS

It is interesting that, although the helicopter rotor is an aerodynamic device, progress in rotary-
wing technology has come more from advances in propulsion, structural dynamics and vibra.ion control, .-.ter-
isle and fatigue life, and stability and control than from improvements in the aerodynamics of the rotor.
Nevertheless, as discussed above, current limitations on operational capabilities of helicopters are inti-
mately related to the rotor aerodynamics and a better understanding of the fluid dynamics of the rotor could
lead to significant improvements in the performance of future helicopters. A review of the state of the art
such as this reveals the necessity for a coordinated treatment of aerodynamic research of rotary-wing air-
craft and a unification and integration of the tesults of the many studies of the various aspects of this
complex problem. Figure 16 represents the helicopter rotor aerodynamics problem and indicates interrelation-
ships of its diverse facets. The figure can be considered an information flow diagram similar to one
presented by Joglekar and Loewy [36]. Each of the rectangular blocks corresponds to a part of the total
problem that is all too frequently treated as though it were independent of the others. There is much work
to be done in each of these areas, but it is important that the interactions among the results of these
studies should not be overlooked.

The need for comprehensive, steady and unsteady two-dimensional airfoil data of a representative range
of applicable airfoil sections is widely recognized and there is a steady flow of information from a variety
of sources. However, uncritical acquisition of data is not enough and the technique of measurements should
be determined by the requirements f-r their application. A systematic program is needed to develop and
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evaluate airfoils showing potential for specific rotor missions. Suitable evaluation criteria are needed
for rotor airfoils that are expected to operate in the mixed unsteady flow of continuously varying angle
of attack and Mach number. The analytical techniqvas for airfoil design require further development to
permit the selection of promising families of airfoils prior to wind-tunnel testing. There ir considerable
evidence that airfoils designed with recognition of the flow field can produce improved rotor performance.

Systematic gathering of quantitative data on the characteristics ,f the boundary layer on typical rotors
in hover and forward flight should be emphasized. These data should include mean and instantaneous velo-
city profiles, flow direction, separation points, transition from laminar to turbulent flow, and the nature
of reattachment as well as the usual pressure distribution measurements. These data are needed to verify
the analytical boundary-layer predictiorn techniques currently in the early phases of development.

In the course of reviewing the literature reporting theoretical and experimental studies of rotor
aerodynamics, it becomes very apparent that experimental measurements are scarce, conflicting and incom-
plete. Correlation between experiment and theory is generally poor and there are significant discrepancies
among the various theoretical methods. New and better experimental techniques need to be developed utiliz-
ing Instrumentation and flow visualization in the rotating frame of reference.

The new rotor conc-epts such as those discussed above need further investigation to establish their
feasibility. For those categories of rotary-wing aircraft using fixed lifting surfaces, such as compound
helicopters and tilt-wing-rotor vehicles, to achieve optimau performance over the whole flight envelope
there must be careful harmonization of all the main aerodynamic components. Performance characteristics
of typical rotors, isolated and in wing/rotor and wing/rotor/body combinations, need to be invwatigated
using idealized models.

On the basis of what we have learned recently regarding the importance of boundary-layer effects, we
can speculate that some sort of boundary-layer control should be beneficial for rotors. In contrast to
fixed-wing practice, no production helicopter uses any sort of boundary-layer control device. It might be
possible to obtain performance gains through application of boundary-layer control to helicopter rotors,
however, this requires further research to expand our understanding of the characteristics of the rotor
boundary layer.

Research in the area of rotor aerodynamics should include the accumulation of experimental d-sta which
demonstrate the effects of camber, twist, number of blades, aspect ratic, variable geometry and Mach number
on forward-flight rotor performance aud the associated characteristics of the wake geometry. These data,
along with inputs from such programs as the experimental and theoretical investigations of rotor aerodyna-
mics environment and boundary layer analyses, should be used to evaluate the existing performance theories
and to develop new ones as required which will accurately predict these effects. In order to achieve the
desired accuracy, the wake model has to be Improved and methods for analytically treating unsteady aero-
dynamics and compressibility effects have to be developed and incorporated in a workable and usable per-
formance theory.
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SURVEY OF ROTARY WING LOADS AND STABILITY ANALYSIS PROBLEMS

by

H.I.MacDonald
Structures Division
Eustis Directorate

US Army Air Mobility Research and Development ..-. ý.tatory
Fort Eustis, Virginia

I. INTRODUCTION

A survey of some of the problems encountered in the prediction of structural design loads and aeroelastic N
stability margins during the development of rotary-wing aircraft is presented.

The accurate prediction of structural design loads and aeroelastic stability margins during steady and transient
maneuvers is essential during the development K' a new flight vehicle. In order to preclude major delays in deploy-
ment of new aircraft, an accurate definition of the aircraft detail configuration is desirable prior to initiation of
flight testing. Early, accurate analysis is needed to reduce the extent of both planned and unplanned flight testing
required to develop a satisfactory final configuration. Accurate methods are also necessary to reduce reliability and
maintenance problems in the operational environment, deficiencies in performance due to flight envelope restriction ,16
arising from unanticipated structural problems, and deficiencies in handling qualities due to changes made in the
configuration to solve loads or aeroelastic stability probb1ms.

At present, each airframe developer employs sevei.l analysis methods of varying complexity to determine loads
and aeroelastic stability for the critical flight and grouno conditions. These methods, particularly the more simpli-
fled ones, are applicable only to the type and size of rotor system in which the airframe developer has specialized. 4
Furthermore, most developers have limited capability to account for the effects of coupling of advanced flight
control systems, fuselage motions, and inadvertent high-frequency pilot inputs (pilot-coupled oscillations).
Accordingly, loads and aeroelastic stability of rotary-wing aircraft employing larger rotors, advanced rotor concepts,
and ad-,nced flight control systems cannot be predicted with sufficient accuracy.

The purpose of this paper is to provide the reader with some understanding of the complexity involved in the
prediction of rotary-wing loads and aeroelastic stability, to discuss the impact of this complexity on the cost and
accuracy of these predictions, and to suggest areas of investigation where the more complex, expensive analysis
methods now under development can be effectively used. ,4

2. COMPLEXITY

Accurate computation of loadingE oi, a helicopter rotor blade clearly involves one of the most complex mathe-
matical modelb encountered in today's technology. "lis complexity is attributable to the rotation and flexibility of
the rotor blades. It has been said that in forward flight during ow! revolution of a rotor, a segment of a rotor
b!.'je evsoanters an experience comparable to the wing of a very flexible, high subsonic speed, Lcrobatic airplane
,,dtin is also designed to fly backwards.

Accuiate computation of loadings during transient maneuvers requires the simultaneous determination of fuse-
lage rigid body motions, blade motions, airflow distortions in the blade wake, blade aerodynamics. and control
system response. Each of these is coupled with the other, and unfortunately many nonlinear and time-variant terms
appear in the differential equations which describe the total system response. This requires the use of iterative proce-
dures to achieve a simultaneous solution of the system of equations for a steady-state condition.

Figure I presents a flow chart depicting a possible approach to obtaining an iterative solution of the equations
leading to a determination of loads in a steady-state flight condition. This figure will be used as a road map for the
following discussion of some aspects of rotary wing-loads analysis. This discussion is intended primarily to aj.quaint
the reader with the complexity of the problem rather than to provide technical detail.

The solution is initiated by supplying input data which describes the steady-state operating condition of the
adircraft, including such parameters as airspeed, rotor speed, altitude, gross weight, and center of gravity. First, a
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rather simplified analysis is conducted to estimate the cyclic and collective control positions necessary to trim the
aircraft in steady flight, i.e., to provide rotor lift, thrust, and pitch and roll moments. Such an analysis might be
based on quasi-static linear aerodynamics, rigid blades, and uniform inflow.

Next, the wake geometry can be determined using a complicated analysis that treats the wake as a helical web
of vortex elements left behind and beneath the rotor as shown in Figure 2. This helical web consists of shed and
trailing vortices. The strength of the shed vortices is related to the time rate of change of lift on the blade segment
which is generally large at high airspeeds. The strength of the trailing vorticity depends on the difference in lift on
adjacent radial blade segments, the tip vortex being the strongest vortex. The spacings between the shed vortices
and between the trailing vortices are chosen arbitrarily.

The vertical velocity of the wake is determined in accordance with momentum theory, and the horizontal
velocity is based on the velocity of the vehicle. The induced velocity on each blade due to each vortex is derived
using the Biot-Savart Law.

Combining these induced velocities with the velocities associated with the blade motions determined in the
initial trim analysis provides the distributions of translational and rotational velocities and their time rates of change
over the rotor disk.

These provide the initial inputs to the aerodynamic loads analysis. The blade can be considered to consist of
an arbitrary number of spanwise segments. The aerodynamic lift, pitching moment, and drag on each segment can
be determined by including static and unsteady aerodynamic effects.

Static aerodynamic data, which include the effects of static stall, can be stored in a table as a function of Mach
number and angle of ettack. At blade angles of attack below the static stall angle, unsteady effects due to the
rates of change of pitching velocity can be computed using the Theodorsen functions. The effects of dynamic stall
on the retreating blade, encountered at combinations of high airspeed and rotor lift, can be determined usually as a
function of the time rate of change of angle of attack and its derivative. Of course, compressibility and viscosity
effects on the dynamic stall characteristics of the airfoils must be accounted for in some manner.

Two apnroaches to representing the rotor blades to determine their dynamic response and net loads are avail-
able. One approach is the lumped mass methind which involves the division of each blade into an arbitrary number
of masses interconnected with springr The motion of each of the many segr.nts can be determined by subjecting
the system to its previously obtained aerodyna~ic loading. The other approach uses the orthogonal vibratory modes,
including linear coupling terms. The response of the system is obtained by superposition of the response of each
blade in each mode when subjected to the aerodynamic loads obtained above in combination with any non-
linear inertial coupling loads associated with the blade motion. The solution would proceed as a step-by-step
integration around the azimuth to determine the transient response of the blades. This process is repeated until
the loads during two consecutive revolutions of the rotor are nearly equal.

The average lift, thrust, and pitching and rolling moments acting on the rotor shaft during one revolution can
then be compared to the values of these loads obtained in the initial or prior trim calculation. If significant
differences in these shaft loads are present, then a retrim analysis can be used to estimate the changes in the cyclic
and/or collective control positions necessary to trim the aircraft. Iteration within this loop would continue until
trim is established.

Next, the velocity distribution along one blade during one revolution due to the blade motion and the initial
variable wake can be compared to the velocity distribution inherent in the initial variable wake analysis. If these
velocity distributions differ significantly then a revised variable wake description can be derived.

Satisfactory comparison of these velocities would result in culmination of the steady-state loads analysis.

Although not indicated in Figure 1, the aerodynamic loads and flexible blade load analyses can be used to
estimate the transient response of the system to simulated pilot-induced maneuvers. Angle-of-attack increments due
to control position changes can be input to the aerodynamic loads and flexible blade loads analyses to excite the
rotor.

Major additional difficulties arise in the prediction of loads during transient maneuvers. Transient changes in
the variable wake geometry cannot be readily calculated. This limitation is quite significant for large transient
changes in rotor thrust at high forward airspeeds which clearly involves large changes in wake geometry. Large
changes in control position may produce significant changes in the characteristic frequencies and mode shapes for
blade motion, thus requiring additional computation. Another difficulty is the simulation of changes in rotor
speed due to a large change of time rate of change in power required by the rotor. The rotor tends to overspeed
due to a nose-up pitch maneuver induced by cyclic control input or due to a suddenly reduced collective control
setting. Increased complexity in the loads prediction methods presently under dev.lopment will be required to
account for these difficulties.
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3. COST

The complexity of predicting loads and aeroelastic stability discussed above has obvious impact on the cost of
conducting such analysis. Some indication of the computational cost associated with three analysis programs under
development is presented in Figure 3. Each of these programs provides for estimation of loads during transient
maneuvers and rigid body representation of the fuselage.

These programs differ primarily with regard to the representation of variable wake geometry and unsteady
aerodynamics. Program C uses the most complex variable wake representation. Each program provides for the
variation of the airfoil characteristics along the blade and includes aerodynamic section lift, moment and drag data
as a function of Mach number and angle of attack. For Programs B and C, unsteady effects are included in both
the stalled and unstalled angle-of-attack ranges. Program A includes only the real part of the Theodorsen function
and omits stall delay characteristics.

The computational time required to trim the aircraft in a steady-state flight condition is shown to vary from
4 to 30 minutes, with Program C requiring the most time primarily due to the more complex variable wake analysis.

For transient response analysis, the ratio of computational time to real time (actual time on the vehicle) is
shown to vary from 40 to 200.

As might be expected, the cost of these computaticois is quit'e high compared to most engineering analyses.
Based on a computer storage capacity of from 60,000 to I 10,000 w* rds, the cost of computation is assumed to be
$1000 per hour. The cost to trim the vehicle analytically in a steady-state flight condition ranges from $30 to
$250. The cost to simulate the transient response during I second of flight of the vehicle ranges from $1 to $6.

Assuming that experimental light test of a fully instrumented helicopter is in the range from $10,000 to
$30,000 per hour and further that useful strain and motion data is obtained during only 10% of actual flight time,
the cost of I second of fli'ght-recorded data is in the range from $30 to $90.

Based on the foregoing cost estimates, which contain some assumptions (perhaps gross assumptions), it is
evident that the cost of condtucting loads and aeroelastic stability analyses using these methods is quite high on an
absolute basis. Indeed, these costs are seen to be appreciable even when compared to the notoriously high cost of
flight testing a fully instrumented rotary-wing vehicle.

Another practical problem arising from the complexity of these analyses needs to be considered. A large
collection of mass, geometric, stiffness and aerodynamic data must be included in these computer programs. This
requires very systematic data handling procedures to avoid errors while stering data in the computer. Detectable
errors will delay the start of the analysis of a new vehicle and undete~table errors will contribute to inaccurate
prediction. This tendency toward errors due to the larg, amount of data to be handled could have an adverse
effect on both cost and prediction accuracy.

4. PREDICTION ACCURACY

Due to their complexity, these methods of predicting structural design loads and aeroelstic stability margin
are not sufficiently accurate for those ilight conditions which produce the highest loads and fatigue damage rates.
Good correlation between predicted loads and flight measured loads for a lightly loaded rotor operating at a
moderate airspeed under steady flight conditions can now be achieved using available methods; however, good
correlation has not been demonstrated for either steady or transient operation of a highly loaded rotor at high for-
ward airspeeds where stall flutter tends to develop on the retreating blade.

Recent correlation of loads due to qtall flutter shows good qualitative agreement of the control system loading
time history. This demonstrates that the essential mechanisms causing stall flutter can be included in the analysis
methods. At present, no analysis method is available which providts good quantitative correlation simultaneously
for control loads, net rotor forces and blade loads. At present, good simultaneous correlation cannot be obtained
although the test data are available to provide guidance to the analyst.

The capability to achieve good quantitative correlation between test results and analysis conducted prior to
testing is required; i.e., accurate prediction methods are needed.

S. UTILIZATION

In view of the high cost and lack of good correlation it is clear that effort must be made to improve accuracy
and reduce the cost of calculation. In addition, criteria for efficient utilization of these complex methods must be
developed.
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Unlimited use of such a program as outlined here is not appropriate. Simplified analysis methods applicable
to a specific phenomenon, e.g., ground resonance, are generally more economical than the complex methods. Model
testing can also provide a method for load and stability analysis. Obviously, experimental flight testing can never
be eliminated. Complex load and stability analysis methods should be used as appropriate to reduce development
risk and cost.

The use of these complex methods can be expected to increase as their cost and accuracy are improved. As
improvements are made, it will be possible to greatly reduce the cost associated with the many structural modifica-
tions that now must be made during development flight testing prior to achieving a satisfactory final configuration.

There appear to be four specific areas in which such complex analysis will be used extensively. One of these
areas is determination of loads during penetration of the stall flutter region dtiring both steady and transient
maneuvers at high airspeeds.

The second area is stability margin analysis for rotor/vehicle concepts that exhibit significant nonlinear
behaviour. Significant nonlinearities may lead to unacceptable risk during tests to determine the neutral stability
boundaries if the nature, i.e., the qualitative behaviour of the vehicle near these boundaries is not understood.
Furthermore, the extent of test required may be greatly increased by the existence of nonlinear characteristics.
The ability to analyze the system response can reduce the risk and cost of these tests significantly.

The third area is the development of simplified loads and stability analysis methods useful for preliminary and
detailed analyses. Once the validity of these complex analysis methods has been demonstrated by extensive correla-
tion with flight test results, then simplified analysis methods hopefully can be developed for new structural problem
areas with a ininimum i:quirement for flight testing. Improved, simplified performance and handling qualities
methods also can be derived.

The fourth area is the calculation of coefficients to be used in simplified linearized analyses.

6. CONCLUSIONS

Accurate loads and aeroelastic stability prediction is very complex. This complexity leads to high cost and
poor accuracy. Improved prediction accuracy and lower cost are required before extensive efficient utilization of
these complex methods. Criteria should be developed for selection of problems to be analyzed in order to assure
efficient utilization of the complex methods. Improved accuracy and cost can provide for reduced development
cost, early deployment of vehicles, and increased reliability and maintainability in the operational environment.
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IMPACT OF NEW STRUCTURAL CONCEPTS ON SYSTEM CAPABILITIES

BY
Edward S. Carter

Chief, Aeromechanics
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Stratford, Connecticut 06602

SUMMARY

V/STOL Systems unquestionably offer the most fertile field short of space Fpplication for exploitation
of advanced structural concepts primarily because there is so much room for improvement. Though payload
fractions of helicor, ,rv have become quite respectable thanks to the gas turbines and titanium, large im-
provements are still mandatory before high speed configurations can truly justify themselves economically.
We have reached the point where the required improvement can now be projected with advanced materials and
structural concepts, but the full exploitation of these advances can only be achieved by parallel advances
in Aerodynamic, Dynamic and Control Technology.

INTRODUCTION

This paper attempts to take an "outside-in" look at the impact of Structural Concepts on System capabil-
ities. It will not attempt to trace in any depth the roots of the many new ideas for solving structural
problems or quantify the structural parameters. It will also not attempt to draw a line between structural
concepts and the application of new materials. The two are inseparable. Instead we will back off and try
to overview the sort of impact new ideas can have and attempt to assess what this can mean in terms of top
level measures of performance and effectiveness. In addition, it will, I hope illustrate a principal thesis:
although new structural concepts are in many cases achieving the obvious benefits of weight reduction by
direct part substitution, and producing numerous side benefits in terms of survivability, safety, reliability
and dynamic forgiveness, the full potential can only be obtained by increased competence in applying the new
freedom these techniques give us to form our aerodynamic surfaceo and specify elaatic requirements.

As will be quickly apparent, this paper draws heavily on recent publications both domestic and foreign
on the subject. In addition, 7 must acknowledge the assistance of Sikorsky experts in the field: Bill
Coronato, Sikorsky Chief of Aircraft Design; Bill Paul, Rotor Design Supervisor; Mike Salkind, Chief of
Structures and Material and their staffs.

Current System Capabilities

By way of introiuction to the potential of advanced ;tructural concepts, Fig. la from Ref. (1) summa-
rizes our current VTOL system capabilities in terms of payload to gross weight ratio. While helicopters
today can achieve 200 nautical mile PL/GW ratios of 27% at speeds of 150 to 175 knots (up from about 19% at
120 knots 10 years ago) current technology is inadequate to provide increased productivity I higher speed
VTOL configurations because payload lost to weight empty increases offsets the speed advantago. Fig. lb,
also from Ref. (1), illustrates this point in terms of typical transport efficiencies for a military mission.
While the dollar figures will vary drastically with assumptions concerning utilization and matntenance effi-
ciency (cciercial operations have significantly better productivities) the relative picture is probably
valid for most applications. The corollary to ill of this is that any reduction in weight smpty has tremen3.
dous leverage on payload. A 5% reduction in velht empty can easily produce a 20%-4o% increase in payload
and productivity for 200 mile VTOL missions.

Simlliarly the maintenance burden of current VTOL's exceeds desirable norms for economic operation,
accounting for about 40% of the per seat mile costs, so there is a tremendous potential for greatly improving
VTOL economics by reducing the maintenance burden.

Finally the nature of the VTOL mission, particularly the military mission, puts a very large premium
on the ability to survive both enecw action and the Inevitable mishaps of nap of the earth operations, so
that any contribution advanced structural concepts can make to survivability will have extra significance

for VTOL.

Potential Structural Concept Impact

1. Rotor Blades

Rotor Blades, be they helicopters' or direct lift fans', offer the most specialized challenges to
structural technology for VTOL applications. In most other casee, the VTOL develrper can :cpc~t some rake-
offs from other aeronautical system developments, but with 'otors, the industry is stri'tly on its own for
the concept brainstorms, the R&D funds to develop them, and the service experience to prove them out. It
is also in the rotor that the interdependeu.ce of structural technology and the aeromechanics disciplines
are beat illustrated.

Fig. 2 illustrates a typical situation. The original CH-53A had been optimized with a low twist blade
to provide relatively high cruise speeds. Research to improve static performance had shown that by modi-
fying twist and tip planform significant improvement could be made in hov r G.W. capability. However, with
existing aluminum spar technology the stresses induced by the higher twist significantly reduced allowable
cruise speeds. By applying titanium spar technology it has been possible to design a blade which will not
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only tolerate'the stresses resulting from higher twist, but also provide more chord for the same blade weight
and a more sophisticated airfoil and tip planform, thus increasing even further hover efficiency and high
speed capability. The result is an 8k% increase in payload and 10% increase in speed for a productivity
increase of 19% all with no increase in Weight Empty.

The most advanced example to date of the application of metal spar technology to provide a blade
tailored to non uniform requirements is the "ABC" blade. Fig. 3 shows the completed blade. The tapered
spar is titanium and the skin is fibreglass. Ref. 2 reports or. the development of this blade and its fabri-

cation techniques. The chord tapers from 10.8" at the root to 5.5" at the tip, while the airfoil section
tapers from 30% to 6%. However, the most novel structural requirement of the advancing blade concept is the
necessity for the blade 1o transfer a significant portion of its lift to the hub by its cantilever stiffness
rather than depending solely on centrifugal force as is the case with articulated rotors and even the less
rigid "hingeless" types

This structural cepability opens up the potential application of rotors on two fronts. First, it be-
comes possible to free the lifting rotor from the retreating blade stall limits of speed by removing the
requirement for balanced first harmonic flapping moments and allowing the lift to be carried almost entirely
on the advancing blade. This, of course, requires a counterrotating coaxial rotor configuration to provide
synretrical lift, but the stiff blades with suppressed flapping decreases the vertical separation requirement
which has been a principal disadvantage of coaxial configurations. This is, of course, the ABC or Advancing
Blade Concept described in Ref. (2). Thm system capability this provides is best illustrated in Fig. 4 where
the ability of the ABC to carry lift at high advance ratios is aompared with conventional rotors.

A second potential advantage of a "cantilevered" blade has yet to be exploited. As numerous investi-
gators have pointed out, weight reduction in conventional rotors becomes ultimately limited by the high
coning angle which results as centrifugal force is reduced. This produces a square/cube law relation which
says ii effect that as GW is increased, if disc loading, blade cg, tip speed and allowable coning angle ari

held constsnt, the rotor blade weight relative to gross weight mus4 inevitably increase with size. Fig. 5
illustrates the trend, which is fortunately only a square root growth. So far, and even through frcseeable
HLH rotor sizes, this trend has been offset by disc loading growth, some increase in coning angles and re-
distribution of weight in the blades (tip weights will help) to maximize centrifugal force, And, in any case,
structural technology until recently hasn't offered much opportunity to build blades for less weight. But
as we look ahead to composites and much larger rotors, we can clearly see the day where coning suppression
and cantilevered lift transfer will be necessary to hold down the rotor weight fractions of very large heli-
copters or to use the full potential of composites to reduce the weight fraction of current sizes. Thus the
ability to treat the aerodynamic and dynamic consequences of a "very rigid" rotor must be developed side by
side with the structural technology if we are to realize the weight reduction potential of advanced materials
in rotors.

The application of fiber composite technology to rotors is an immense and extremely active subject that
we can only touch upon briefly here. The performance pay off through the use of composite5 is particularly
promising because of the ability to rold almost any aerodynamic shape and tal.or the elascic properties
especially to take advantage of their anisotropic possibilities. Actually materials with fibrous and seiso-
tropic characteristics have been used in rotors since the earliest days of the helicopter. The earliest
Sikorsky, Bell and Piasecki helicopters all started with molded wood blades, !nd fibreglass has been the
objective of a good deal of research for at least 15 years. Probably the most sophisticated use is found
in the Boelkow BO-105 (Ref. (3)) and in the Aerospatiale SA-341. But the most advanced application of com-
posites so far reported is undoubtedly the Boeing CH-47 blade developed under U. S. Air 1orce sponsorship
and described in Ref. (4) and (5). Pef. (4) points up nicely the many constraining considerations which must
be defined by the dynamicist or the aerodynamicist before the composite design can be optimized and illus-
trates an interesting approach to identifying tnose design parameters which can meet all these requirements.
Because of coning angle limits, weight reduction was not a major goal, but presumably the major system level
pay off will be in higher cruise speeds resulting from alleviation of stall flutter boundaries, thus pushing
out speed capabilities at higher gross weights much as reducing 1 per rev stresses has improved the CH-53
envelope as illustrated in Fig. 2. Ref. (5) points up the further benefits which accrue from the use of
composites in more exotic VTOL where rpm variation increase the demands on aeroelastic tuning.

2. Tail Rotors

Tail rotors also stand to benefit from the application of composite technology. Although TR stress
limitations are less apt to constrain the aircraft system envelope, tail rotors have conventionally been over
d-signed ard should have significant potential for weight reduction which is especially important since weight
reduction at the tall of a single rotor helicopter can have a big impact on easing the design oalance problem.
Also tail rotors can provide a good proving ground for new blade construction concepts. In fact, the first

flight to our knowledge of a VTOL dynamic component fabricated from high modulus composite materials, was
the testing in December of 1968 of the Sikorsky Boron Epoxy spar tail rotor shown in Fig. 6. This blade was

designed to give higher chcrdwise stiffness then the production blade. Fig. 7 illustrates the stiffnese

improvement that was achieved along with 5% weight reduction.

The tail rotor developed by Kaman for the Bell UH-1 is ar excellent example of the utilization ct the
anisotropic properties of composites. (Ref. (6) and Fig. 8). By using a single continuous unidirect.onal

flireglass epoxy spar, running through the hub from tip to tip, all the centrifugal and bending loa"d are

reacted by the high strength and stiffness of the unidirectional fibers. Feathering action was provided by
the torsional deflection of the basic spar which has low torsional stiffness. The primary pay off here was

the reduction of maintenance requirements, although the program also made important contributions to estab-

lishing the producibility of this sort of design.

3. Rotor Heads

The rotor heads themselves can also benefit from advanced materials &nd concepts. The steady increase
in the application of titanium through the 1960'e achieved up to 20-25% weight reduction in rotor heads while
Increasing the safe life and retirement times. Initial utudies of the application of composites to rotor
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heads such as those reported in Ref. (4) have suggested only 12% weight reduction relative to conventional
steel and aluminum constructions; in r,.tor heads the local load and attachment problems become all impor-
tant so whole new concepts of rotor head design may be required to fully exploit the high stress potential
of composites. Current programs direcued toward developme it oi a composite rotor head may well provide the
answer. However, the most significant advances coming up in the hub ares attributable to structural concepts
probably is the reduction of maintenance requirements resulting frcm the application of elastomerics.
Recent studies of the potential of a spherical bearing elastomeric rotor head for the CH-53, see Fig. 9,
have suggested a reduction of field maintenance costs of 50% and extension of TBO's by a factor of 8 which
adds up to a 3 to 1 reduction In Life Cycle Cost contribution of the rotor head.

Looking to the future, more component and syzitems application 4evelopment should reduce the bulkiness
of elastomeric designs or flexbeam composites technology applied to main rotors may provide the maintenance
benefits of elastomerics with less weight and frontal area. On the size frontier, new fabrication techniques
such as diffusion bonding will be exploited to economically produce the large mo..olithic elements demanded
by very large rotary wing aircraft.

4. Variable Geometry Concepts

Perhaps the mos. challenging goal for novel structural concepts would be the development of simple and
feasible variable geometry concepts. Even more than the option to arbitrarily select rotor geometry unen-
cumbered by constant section requirements, the aerodynamicist and dynamicist would like to vary his geometry
from flight condition to flight condition. Cries of "down with complexity" have so far constrained the
rotary wing designer from variable geometry solutions although his fixed wing counterpart has been making it
a standard part of his bag of tricks. One has only to contemplatp the 727 wing with its high lift devices
to realize how dependent CTOL system effectiveness has become on vaiiable geometry. VTOL must eventually be
allowed the privilege to do such things as alter blade twist Oistribution or airfoil camber between hover and
cruise or even perhaps with blade azihuth position, to vary shaft inclination (the tilt rotor is, of course,
the ultimate product of this degree cf freedom) and to alter rotor diameter. A possible concept for rotor
diameter retraction is shown in Fig. 10 and described in Ref. (7). The benefits of 40% diameter variation
are illustrated in Fig. 12 for a compound helicopter and for a tilt rotor. Although work on this sort of
thing is progressing systematically, the VTOL designer will'probably not be allowed to exploit these possi-
bilities until overall VTOL system weight fractions and maintenance burdens hwre been reduced to the point
where the extra complexity can be afforded. For this we must lock for all of the structural concept
advances we can get and we must also find simpler means of achieving variable geometry such aE the compliant
airfoil concept proposed by Fred Gustafson of NASA some years ago.

5. Drive Systems

Virtually any VTOI aircraft, (except direct lift engrlu config"--4ions) must use connecting drive
shafts of some sort to synchronize power distributions to multiple lifting rotirs or to counter torque tail
rotors. Generally this shafting must operate at high speeds necessitating higl, fundamental frequency, and
transmit as much torque as possible for minimum weight. The resulting requirement for high torsional
strength, buckling stability and lateral stiffness can be met particularly well by the proper application
of composite technology once the designer can define what he wants.

The potential advantage of the application of composites to the tail rotor drive shaft problem is
illustrated in Fig. 12. By using two concentric tubes with a low density core of foam to overcome torsional
elastic instability problems, a drive shaft for the S-61 helicopter was designed with significantly better
failure allowables than was achievable with either aluminum or single shell composites. A major and un-
expected advantage of this design turned out to be ease of dynamic balancing. Apparently the higher damper
capacity of the 5 0 composite material offset any tendency towards less uniform mazs distribution.

Of course, the most important attribute of composites applied to shafting is the ability to tailor
stiffness distributions to optimize shaft length and supports for minimum weight, by using 45O laminae to
react torque and axial layers for bendintg. A good example of this is contained in Ref. (8) describing a
92 inch graphite epoxy drive shaft built uy Bell Helicopter and the Whittaker Corporation. In this design
in which the rpm, diameter, span and number and orientation of plies was optimized to meet critical speed, cj
torsional stability ana torsional strengths requirements, an overall weight reduction of 28% was realized
and studies indicated this might extend to 34% with carbon eopxy. Ref. (4) is even more optimistli citing
weight reduction as large as 52% Zor Drive System Shafting.

6. Transmissions

Material improvements in transmissions will of course reduce weight. Titanium for gears and short
shafting and composites for gearbox housing and for large ring gears will both be used but advanced steels
will also have their place. Typical figures quoted for the substitition of compositts for magnesium/
aluminum technology in housing and support assemblies suggest up to 25% veight reduction.

However, structural weight reductior will combine with many other conceptual improvements to greatly
enhance systems effectiveness. New bearings should yield 3 to 7 tiues the lives of c'rrrent technology and
gearing material and forming improvements should reduce the cost of fabrication as well as improving life.

Conformal gear techniques offer the potential of 3 to 4 times the load capacity for a given size and
weight if critical tolerance and rigidity requirements can be met. The Westland WG-13 gearbox will be a
key development in the practical implementation of this approach.

A basically different structural approach to gearbox design is the roller gear concept. This concept,
originated by TRW, has been extensively studied at Sikorsky and currently a 3700 horsepower transmission for
the H-3 helicopter is being built under AAMRDL sp-nsorship and reported in Ref. (9). Fig. 13 shows the H-3
design rhich is projected to yield a 7% weight reduction over conventional designs and perhaps a k% inprcve-
ment in transmission efficiency (a 12% reduction in transmission losses which typically run about 4%).
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7. Control System

Stiffness is all important in control systems especially as high speeds are often limited by the
torsional response to aeroelastic excitations such as stall flutter in modern high speed rotary wing air-
craft. The increase in blade torsional stiffness achievable will help but the control system, and swash-
plates in particular, can also benefit by stiffening.

8. Airframe

Time and space won't permit more than the most cursory overview of the impact of advanced structural
techniques on airframes. Much of the gains will mirror comparable improvements in fixed wing air-,raft.
However VTOL, and rotary wing aircraft in particular, have special requirements for dynamic response to
preclude resonances with rotor excitation frequencies and to optimize model distribution of the response
that does occur. Here again, the dynamicist must be prepared to specify the stiffness distribution he wants
which requires that he develop the technology to take advantage of the new freedom highly efficient stiff
structural concepts can provide him.

A good example of the benefits which can be achieved is illustrated in a recent requirement to stiffen
the tail cone of the CH-54B to increase the separation of first mode frequency frcwm one per rev. Fig. 14
illustrates the problem. A conventional solution of beefing up the aluminum skin weighed 160 lbs. The
bonded boron-epoxy strings reinforcement solution compared in Fig. 15 with the present solution weighed only
48 lbs. for a 115 lb. weight savings. Such a saving could justify the composite solution with Boron Epoxy
priced at significantly aore than the current market price of $300/lb. Ref. (10) reports on the design,
analysis and test of this airframe modification vhich is to be delivered for service evaluation early in 1972.

Truss construction techniques may be especially attractive particularly for crares, because they again
can take advantage of tho anisotropic properties of fibers and the "Captive Column Concepts". Ref. (11)
cites projected weight savings of more than 50% for composite compression tubes compared to metal tubes as
illustrated in Fig. 16. One specific approach, the "captive column" concept, smmarized in Ref. (12),
utilizes 3 or L.-:'e parallel column elements between a central core structure and a surrounding skin filament
structure to enhance the strength/weight ratio in buckling. A design study of a truss fuselage for the
CH-54B, shown in Fig. 17, suggested a savings of 41% in the center section, 59% in the tail cone and 50%
in the landing gear. Combined with vertical drag reduction of the open truss this could yield more than a
ton of payload for low speed missions. Similar studies of weight savings potential for tho 'ompression boom
of a twin lift system (see Fig. 18) suggested better than. 2 to 1 weight reductions. This problem is ideally
suited to the "captive column concept". Here the benerio is not only in weight empty but also is easing of
ground handling problems and simplifying the logistics of boom availability (a major concern with regard to
the twvi lift concept). This, then is another example where structural technology combined with other
technology, in this case the advanced control technology which can make twin lift feasible, together can
produce a significant advance in system capability.

No discussion of airframe technology can overlook the large variety of sandwich construction concepts.
Honeycomb hap been making a big contribution for years, particularly in the area of cost savings of curved
elements of semi structural skin. An interesting marriage of these concepts with high modulus materials is
illustrated in Fig. 19. Studies of this cargo floor promised 20 to 40 Dercent weight savings over * onven-
tional construction by using a sandwich structure of high modulus boron epoxy bottom skin combined with a
low density core to resist deflection, a balsa wood layer to absorb impact energy and a titanium skin to
provide a puncture and wear resistant strface.

It would be impossible to do adequate justice to all the other diverse concept improvements that can
be expected to enhance the many other aspects of airframe design. A particularly int.Liing possibility is
the more sophisticated structurirg of anisotropic fibers into specially oriented spa:e frame structures. A
good example of this is the Tetracore concept under dovelopment by AAMRDL, which no+ only tries to utilize
unidirectional fibers in an optimum manner but also offers inherent redundancy. Ref. (13) describes this
concept. The basic Tetracore element is illustrated in Fig. 20, along with the AVCO "infiltrated extrusion"
concept, another approach to using fiber composites to maximum advantage.

Other conceptual innovations decerving mention as representative of areas of future contributions of
structural technology to airframes are: 1) Structural armor to lecrease vulnerability and allow the battle-
field helicopter to stay in the nap of the earth and allude larger intensity threats, see Fig. 21 and Ref.
(14); 2) The selective use of frangibility to increase crash worthiness and survivability (see Fig. 25)
and, 3) the use of ingenious means of providing flexibility or damping for vibration reduction and control
such as the SUD "Barbecue Grill" (Ref. (16)), the Sikorsky Rotor Head Bifilar Absorber, (Ref. (17)), the
Kaman "DAVI" antiresonant absorber, (Ref. (18)), and the various transmission isolation schemes, Ref. (19).
Fig. 23 illustrates these concepts.

Recently Sikorsky completed an assessment of the total weight reduction potential of all these promis-
Ing developments as they might apply to a large crane helicopter airframe, when consideration was given to
cost factors, Fig. 24 sums up the results in terms of reduction in airframe percent of gross weight. These
studits suggested the feasible range of reductions in airframe weight should be between 22 and 26%. More
optimistic forecasts are contained in Ref. (3), where airframe weight reduction as high as 39% are forecast.
The difference is undoubtedly related to the question of how far the application of high modulus fiber com-
posites can be carried on a cost effective basis; only time will answer thqt question. Certainly the major
technical challenge that fiber technology must respond to is reduction of cost, both the cost of the basic
material and the cost of fabricstion into the spatial orientation that takes advantage of the anistropic
characteristics of fibers.

CONCLUSIONS:

System Sum Up

What does all this mean in terms of system capabilities at the syst,'m level? There is obviously no

. U9
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clear way to forecast to what degree economic consideration will allow the exploitation of the capabilities,
we have, but the following general trends seem to be clearly attainable within the next 10 years, if the
necessary development support is forthcoming:

1. Weight reductions running as high as 25 to 40% in certain key subsystems should combine to produce about
15% overall reduction in weight empty, so that helicopter EW/GW ratios now typically running close tc 62%
should drop to about 53%, with comparable weight empty reductions in more exotic rotor VTOL configurations.

2. Aerodynamic efficiency improvements made by the combination of a better understanding of rotor aero-
dynamics nnd a greater freedom to specify the rotor geometry desired made possible by structural advances
will combine with improved power plant efficiencies to reduce the fuel ratios for 200 nautical mile mission

from 11% of GW to about 9%.

3. These aerodynamic improvements combined with the Judicious use of some variable geometry will make signi-
ficant increases in cruise speeds achievable, though parasite drag of vertical lifting systems will remain
the ultimate constraining factor.

4. These improvements will combine to produce payload to gross weight fraction improvements ranging from
40% for the pure helicopter to 80% for the more exotic low disc loading composites (tilt or semi-stowing
types).

5. Transport efficiency (Productivity) factors will rise even more provided the materials and fabrication
costs of utilizing these advanced concepts can be constrained to the point where they are offset by a higher
degree of automation.

Table I summarizes in a quantitative way, these "crystal call" trends. The dramatic iwpact on transport
efficiency is illustrated in Fig. 25, if we assume cos% factors remain a constant function cf weight empty.

TABLE I

IMPACT OF IMPROVED TECHNOLOGY

ON SYSTEM EFFICIENCIES

1970 1980
Helo Compound Composite Helo Compound Composite

WE/GW .62 .67 .72 .53 .57 .61

Fuel/GW .11 .12 .12 .094 .10 .10

PL/GW .27 .21 .16 .38 .33 .24

Velocity 175 235 350 190 275 400

PV/WE 63 73.6 78 136 159 190

Ton-Miles 0.9 .92 .96 1.61 2.0 2.34

Of course this is only a part of the story. Advanced structural conceots, particularly in rotor heads
and transmission elements can greatly reduce day to day maintenance burdens a.ad TBO's to the point where
Maintenance Manhours per flight hour are reduced by a factor of 2 or 3 to 1. Vulnerability will be decreased
and survivability increased not only by new structural concepts but also by new configuration concepts they
will make possible. Ride comfort will be increased and airframe fatigue problems virtually eliminated by
advanced concepts of vibration control. The size of commercial VTOL will increase, producing the DOC bene-
fits which go with a larger vehicle.

Structural technology will undoubtedly pace these improvements, particularly in the evolution of
techniques to take advantage of the anisotropic characteristics of composites. But, as these illustrations
show, the system designs and the aerodynamics and structural dynamic disciplines must come up with comparable
concepts improvements before the full potential can be realized.
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EVALUATION, DEVELOPMENT, AND ADVANTAGES I
OF THE

HELICOPTER TANDEM DUAL CARGO HOOK SYSTEM

Gregory J. Wilson and Newton N. Rothman

The Boeing Company, Vertol Division
Boeing Center, P.O. Box 16858

Philadelphia, Pennsylvania 19142

SUMMARY

Helicopter transport of external cargo is recognized by the U.S. Army for its
military applications, efficient use of available rotary-wing equipment, and enhance-
ment of aircraft safety. Improvements in this technique could provide the transport of ex-
ternal cargo at the maximum speed of the helicopter, routine opezatioll under instrument
flight rules (IFR), precise placement of the load, and could eliminate the problems in
hover such as the dust cloud and static electricity.

Feasibility studies nave shown the potential of the tandem dual hook concept as a
viable base on which to build an improved carqo-handling system. Wind tunnel tests and
several full-scale flight tests have confirmed these advantages and nave provided design
requirements for a new generation of external cargo helicopters.

Production incorporation of a dual cargo hook system is planned for the heavy-
lift helicopter (HLH). The system incorporates other features such as variable longitud-
inal hook positioning, differential winching, load motion feedback, and augmentation of
the cargo system operator's vision under conditions of poor light and thick dust.

This paper describes the requirements for an improved helicopter external cargo-
handling system, reviews the programs which have established the feasibility of a tandem
dual cargo hook system, and explains the systemalated for the heavy-lift helicopter.

IMPORTANCE OF EXTERNAL CARGO TRANSPORT

The intensive use of the helicopter
in the Vietnam war has provided an oppor-
tunity to evaluate this aircraft under
the most rigorous and extreme environmental
and combat situations. Among the many
lessons learned is that external transport
can account for more than 75 percent of
all cargo missions, even when a large
cabin and straight-in loading are simultan-

4 eously available (1). The key words under-
lying this preference are productivity and
flexibility. By eliminating cargo-loading
time and substituting the time for simple

"A!, " hookup and release, ton-miles can be
*...: * logged in almost direct proportion to

operational hours. Given a short-radius,
'I)" multiload mission, a single helicopter

,flies many sorties. For a mission in-
volving a series of light loads, the heli-Figure 1. Formation of CH-47 Helicopters copter uses either a piggyback or multiple

With External Loads load technique (See Figure 1).

Tne short time spent by the externally loaded helicopter near the ground in hover
enhances combat safety in terms of reduced exposure to gunfire.

REQUIREMENTS FOR AN IMPROVED EXTERNAL CARGO SYSTEM

The major drawbacks and limitations 'of the current generation of external load
helicopters will be overcome by the successful fulfillment of the following require-
ments for the soon-to-be-developed heavy-lift helicopter:

"• Payload - A design payload of 22.5 tons will for the first time put the helicopter
on an economical basis in the areas of unloading of containerized cargo ships and
forwarding of the cargo to the users. The military significance of this requirement
cannot be overemphasized in light of the deep-water ports that had to be built in
Vietnam to overcote waiting by ships for as long as 104 days before offloading (2).

" Multipoint Load Suspension System - In-fliS.t stabilization of external loads by
multiple attachments to the helicopter will remove the primary restraint to high
forward-flight speeds encountered with single-point cargo suspensions. It will also
permit instrument flight with sling loads, lowering of requirements for pilot bkill,
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reduction in pilot fatigue, and positive control of the load in azimuth without
ground assistance during load placement.

" Precise Position and Altitude Stabilization in Hover - Stringent limits on position
stabilization, coupled with an in-flight load-winching feature, will make this heli-
copter a true portable crane. For example, compatibility is assured with all types
of containerships, including those not possessing winches for below-decks extraction
of containers.

"* Visual Augmentation System - The helicopter crew will be able to see during covert
night operations for hookup and placement of loads without floodlights.

TANDEM DUAL CARGO HOOK SYSTEM

Vertol began to develop dual cargo hook concepts in 1966 with analyses and layouts

of longitudinally (tandem) and laterally displaced systems (3). The studies indicated
that substantial increases could be gained in the yaw moment reaction which the heli-
copter could impart to the cargo with a dual hook system over a single, nonswiveling
hook. Ths superiority of the dual hook scheme to other multipoint systems was revealed
by its inherent simplicity, low weight, and absence of redundant elements.

Wind tunnel tests were performed in 1967 //
to confirm the analytical results (See Figure
2). This method of investigation permitted
the •se of higher airspeeds than current
helicopters could achieve and enabled the
probing of instabilities without the safety-
of-flight considerations of full-scale test-
ing.

One-eleventh-scale models of a U.S.
Army XOl02 105mm howitzer and a Conex con-
tainer were used to determine the ability
of the wind tunnel to duplicate full-scale
aerodynamic instabilities. Both of these / / / 7 / / / 7/ 7 7 -7
loads had previously shown well-defined, Figure 2. Sling Model in Wind Tunnel
repeatable instability modes in full-scale
flight with a single-point hook. The wini tunnel tests of the models showed excellent
agreement with flight tests by duplicating correctly the instability modeslof both loads.
The scaled airspeeds at which the instabilities commenced were also reasonably close to
the real thing, as shown in Table I.

Following validation
TABLE I of the approach, a group of

COMPARISON OF FULL-SCALE AND WIND loads was first tested with
TUNNEL TEST RESULTS single-point and then with

dual hook systems at two
Instability Speed (knots) lateral separations (20 and

Load Instability Moce Full-Sca¼a Wind Tunnel 40 inches full-scale) and
105 howitzer Coupled yaw- 80-100 60-80 at four tandem separations
2,900 lb circular pendulum (20, 40, 80, and 100 inches

oscillation full-scale). The summar-
ized results of these tests

Conex Box Pure rotation 65 40-50 are shown in Figure 3.
1,500 lb These tests confirmed

that a dual cargo hook sys-
Conex Box Pure rotation 80 90 60-80 tem would stabilize a sling
7,500 lb load to speeds which were

then beyond the capabilities
of current helicopters.

They also demonstrated certain advantages of the tandem layout over the lateral, partic-
ularly for loads of rectangular p.anform. For streamlining, a rectangular load must be
flown with its long axis parallel to the helicopter at pitch attitudes which avoid
aerodynamic load oscillations and provide minimum drag. With the tandem layout, the
separation between the hooks controls the change in pitch attitude with airspeed. Fur-
thermore, if the lengths of the tandem cables can be changed in flight, pitch attitude
becomes readily adjustable.

More wind tunnel testi were performed in 1968 to evaluai - the stability character-
istics of the sling loads to be carried by an advanced heavy helicopter (See Figure 4).
The objectives were to investigate heavy loads; a tandem hook separation of 24 feet: the
effect of helicopter sideslip angle on load stability; and the effect of a cockpit and
load-facing operator's cabin ahead of the load.

The maximum stable airspeeds obtained under different loads with the single-
point and 24-foot tandem dual hook systems are shown in Table II. Tne table also shows
some of the results obtained with the helicopter in yawed flight.

1138



14-3

AIRSPEED (KNOTS) These tests cor-
LOAD n SUSPENSION 0 2R JO 6p 80 Igo l20 140 100 18l oortdte ale

. ~ ~ . roborated the earlier
CONEX -- A, trends and supported

N the conclusion that the
TANDEM next logical step should

be a full-scale flight

105MM SINGLE--POINT demonstration.

HOWITZER TANDEM --"" FLIGHT TESTS WITH

THE CH-47 HELICOPTER
20-FT • SIGLE-POINTII

LONG TD In 1969 Vertol con-
CONTAINERT. ducted flight tests to

evaluate tandem dual

U hook systems against a
PLATFORM conventional single-PLATFORM - TANDEM .... point hook (4). The ob-

_ _jectives of this testing
SNL I were to verify the im-

HU-1B provements of the dual
ELICOPTER TANDEM hook system in load

I_ stabilization and air-
* WIND TUNNEL LIMIT speed with aerodynamical-

Figure 3. Stability Comparison of Single-Point ly unstable loads; eab-
and Tandem Suspensions lish the effects of

normal air turbulence; explore the dy-
namic interaction between the helicopter
and the load; and determine the tolerance
of the dual hook systems to normal man-
euvering of tne helicopter.

The test loads were selected to
represent three classes of loads: a bluff
body (an empty 8 x 8 x 20-foot shipping
container weighing 5,200 pounds); an
aerodynamic shape (a stripped CH-47 fuse-
lage, 3,650 pounds); and a high-density
load (105mm howitzer, 4,980 pounds). The
container and fuselage represented high-
drag, low-density loads that are usually
difficult to transport on a single-point
hook.

Figure 4. Wind Tunnel Model of Advanced The test aircraft was a CH-47B heli-
Heavy Helicopter copter which was in standard conf~quration

for the single-point TABLE 1X
tests. WIND TUNNEL COMPARISON OF ADVANCED HEAVY

For the two- HELICOPTER SINGLE-POINT AND TANDEM HOOK SYSTEMS
point tests, the air-
craft was outfitted with Helicopter Stable Airspeed (knot*)Weight Model Yaw Single- 24-Foot
a steel beam as shown in Sling Load (lb) Scele Angle Point Tandem Limitation
Figure 5 to support the
two suspension cables. CH-47 nelicopter 33,000 1/lI 0 123 (load - Divergent

flew broad- oscillation
The beam was hung from side from
the standard cargo nook 40 to 120

knots)
and was restrained from 0 170 Slight yaw

movement in the horizon- oscillation
tal plane by end-boxes 20. - 70 None

attached to the bottom 8xBx20-ft 4,700 1/20 0 60 - Latral
of the £uselage. The container (empty) oscillation
entire rig could be 0 170 A tri15 - 130 Against: land-

jettisoned in an emer- ing gear
gency by opening che 113 20,310 1/20 0 160 - Slight
standard cay hook, armored person- Oscillation

Fixed-length cables of nel carrier

7.5, 50, and 100 feet 0- 170
were used to simul.ate a 20__1_0
helicopter wincnirng sys- 8xex40-ft 5,566 1/20 0 100 - Against land-
tem; the cables could be container (empty) ing gear

attached to tne beam at -

a separation of 12 or MalO 8-in. 58,500 1/20 0 140 - Large oacil-
self -pro- (load flew broad- lation

24 feet. polled gun side from 120 to
140 knoto)

0 - 170

A.
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Each test load was flown with a 24-
foot separation on 7.5-foot and 50-foot
cables, with and without a spreader bar
at the hooks; the shipping container and

- howitzer were also flown on 100-foot
cables. Each load was also flown with a
12-foot separation at a 7.5-foot cable
length.

* The tests were planned to ensure a
safe buildup of airspeed and maneuver
severity. Emphasis was placed on reason-
ably severe pilot-induced upsets for gust
simulation and aircraft maneuvering to
ensure adequate evaluation of each con-
figuration.E The level-flight evaluation was be-
gun at 50 to 60 knots; speed was then in-
creased to the helicopter power-limited
speed in 10- to 20-knot increments, de-

Figure 5. CH-47B Helicopter Wit'i External pending on load stability. Load stability
Load on Tandem Dual Hook System was evaluated at each airspeed as follows:

"* In straight-and-level flight.
"* With ccntrol pulse excitation in both directions in pitch, roll, and yaw. The control

excitations were 1 to 1.5 inches of control displacement, held for approximately 0.5
second and returned to trim.

"* Sideslip maneuvers to the left and right to 15 degrees at speeds below 100 knots and
10 degrees at 100 knots and above.

"* Turn maneuvers to the left and right to 30-degree bank angles with operational roll
rates on entry and rollout (approximately 10 degree/second roll rates).

"* Other normal maneuvers such as accelerations, decelerations, climbs, and descents in
the course of the speed buildup.

Flight under simulated instrument conditions was conducted with a hood. Actual
instrument experience was gained with many loads flown in conditions of low visibility
and in overwater flight where no reference to the horizon was available.

Load-induced linear accelerations in the lifting helicopter pose the most sig-
nificant problem in instrument flight. These disorienting acceleration forces were at
low amplitudes; however, the frequency range was In the band of normal aircraft. maneuver-
ing response. The pilot had to sort out his motion cue information and maintain the de-
sired aircraft attitude and flight condition.

With visual reference the pilot has excellent information for monitoring his
flight condition and can immediately identify any load-induced cues; he can then relax
and ride them out. In instrument conditions the pilot must check out, by instrument
reference, all motion cues in maneuvering or gust upsets. False motion cues cause the
pilot to become tense and to tire rapidly.

Single-Point Suspension

In hover, all the test loads exhibited a familiar, slow, random yawing under the
helicopter. In the climbout and in level flight the container assumed a nominal broadside
position and yawed to the left and right through +45 degrees. This yaw oscillation limit-
ed the maximum safe speed for the single-point hook with the container to 40 knots.

The CH-47 fuselage load was stable in the climbout and in the level-flight-cruise
buildup. Maximum speed in level flight was 70 knots; this was limited by minimum load-
to-fuselage clearance. In partial-power descents at 50 knots, a very abrupt, heavy yaw
oscillation developed in the fuselage which excited a very heavy longitudinal swinging
and threatened to cause a collision between the load and the aircraft. This instability
limited the safe forward speed to approximately 35 knots.

Tandem Dual Hook System

The test loads were flown in the configurations and at the airspeeds shown in
Figure 6. The contribution of the spreader bar to stability was inadequate to overcome
its disadvantages in load hookup, crew safety, and suspension system dead weight.

In all hover maneuvers the loads were stable in the short pendant (7.5-foot) con-
figuration with excellent load control in azimuth with the two-point suspension. All
loads remained stable in the climbout and in the airspeed buildup. The container and
fuselage were transported at 120 knots, which was the power-limited maximum speed of the
test helicopter. The loads were very stable and well-damped to all pilot-induced upsets
and in all normal flight maneuvers. In simulated IFR flight the loads were considered
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acceptable; however, a lightly damped
longitudinal load oscillation followed

WINCH HOOK heavy gust upsets or control excitations.
CABLE SEPARATION This oscillation produced longitudinal
(FT) (ET) accelerations in the helicopter and
100 24 ONTAINf& made the pilot work harder.

In the long-cable configurations,
50 24 0 I the container and fuselage loads ex-

CH-47 hibited a long-period yaw orcillation
which produced a coupled lateral and

8 x 8 20-2 T CNAINER longitudinal swinging due to side lift
7.5 24 ,CH-41JUSELAE and drag variations. This tendency

105MM HOWITZER J toward load oscillation with the long
cables limited maximum forward speeds

8 x 8 x 20-FT CONTAINER] to 50 to 70 knots for the 50-foot length
7.5 12 / CH-47 FUSELAGE"//] and 50 knots for the 100-foot length.

105MM HOWITZER Load stability during hover with the
50- and 100-foot cables was considered

0 20 40 60 60 1600 140 acceptable, with light damping to in-
duced-pendulum oscillations. Thecontribution of the two-point system

*SPEED LIMITED to heading retention was evident in
BY POWER AVAILABLE hover testa, even with the long cables.

Figure 6. Airspeeds With Tandem Dual Hook All test loads were flown in a
short pendant configuration at a 12-

foot separation. Load stability with the 12-foot separation permitted carrying the shipping
container and the fuselage at the power-limited speed of 115 knots; higher drag from the
increased trail angle of the load caused this slight reduction in power-limited speed.
There was a slight decrease in stability from the 24-foot separation as evidenced by more
load motion following gust or control upsetsi however, damping was adequate for acceptable
handling in all normal maneuvers.

This flight test program substantiated the capability of a tandem dual cargo hook
system to provide load restraint to aerodynamically unstable external loads, thereby
enabling safe transport at very high airspeeds. Gusts and norm". air turbulence causes
transient responses of the loads which made instrument flying difficult, but had no
long-term effect. Normal maneuvering of the helicopter was acceptable, with the ex-
ception of steep descents at high sink rates, during which some loads could float up
and contact the fuselage.

FLIGHT TESTS WITH THE MODEL 347 HELICOPTER

In August 1971 additional flight tests were conducted with the Boeing-Vertol Model
347 advanced-technology helicopter and ths tandem dual hook beam shown in Figure 7.

Figure 7., Model 347 Advanced-Technology Helicopter cnd Details
of Tandem Dual Hook Beam

The objectives of these tests were to define the effect of different levels of
helicopter stability on the external load and on the capability for precision hover;
establish the necessity for active stabilization of the load: and further define the
design criteria for the cargo-handling system foi the heavy-lift helicopter.

External loads included the 8 x 8 x 20-foot shippirg container, both empty and
ballasted; an empty 8 x 8 x 8-foot shipping container; and high-density lead blocks.
hook separation of 12 feet was used for the tests.
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Aircraft attitudes, rates, and accelerations were measured in each of the three
principal axes. Dual hook cable angles were measured in the aircraft longitudinal and
lateral axes, along with forward and aft cable tensions and accelerations on tne ex-
ternal loads.

Stability of the helicopter was varied by starting with the basic, unaugmented
stability level and then incrementally energizing the active stabilization systems. At
each stability level, pilot step or pulse inputs were applied individually to each of
the pitch, roll, yaw, and thrust controls and the responses of the helicopter and load
were recoxzj_ A-. ata were recorded at three airspeeds: hover, 60 knots, and 100 knots;
and with two simulated winch cable lengths: 4 feet and 8 feet. HovNr data were also
obtained with a 50-foot winch cable length.

An example of the type of data obtained during this program is shown in Figure 8.
Time histories of helicopter response to a pilot pitch input without a sling load, and
of helicopter and load response with a dual-hook-suspended external load are presented.
The dual suspension concept provides a dynamically stable load configuration. In com-
parison to the response characteripcics without an external load, two observations can
be made. First, the load motion is lightly damped (9 percent critical damping), re-8 x 8 x 20-FOOT CONTAINER quiring several cycles before it sub-

12-FOOT HoC SEPARM',N sides. The current U.S. military speci-
60 KNOTS fication covering flying qualities of

1.68INCES ATSICKLONGITUDINAL .TTSIC POSITION helieopters (MIL-H-8501) requires a
minimum of 11 percent critical damping

PITCH ATTITUDE for instrument flight and 5.5 percent
critical damping for visual flight (See
Figure 9). Second, the load motion in-

COCK. tT LONGITUDINAL ACCELERATION duces both p.tch attitude changes and
longitudinal acceleration in the heli-

FORWARD H GNOITUDINAL POSITION copter r.c the pendulum mode frequency.
These atceleration forces represent
false morion cues to the pilot and can
result in: pilot-induced oscillations in
the control system.

NO SLING LOAD While reduction of data is still
60 KNOTS in progress on this program, the results

P 6 INCHES AFT STICK LONGITUDINAL STICK POSITION confirm the desirability of active load

stabilization and also provide a strong
PITCH ATTITUDE data base for control system studies for

the heavy-lift helicopter. Items such
as the measured maximum cable angles and

COCKPIT LONGITUDINAL ACCELERATION the effects of maneuvers and external
load aerodynamic forces on cable tensions
will be used in the design of the cargo-

TIME SECONDS handling system for the HLH.

Figure 8. Time Histories of Helicopter
Response With and Without
Sling Load

HEAVY-LIFT HELICOPTER DUAL CARGO HOOK SYSTEM

The heavy-lift helicopter will incorporate a tandem dual hook system with integral,
pneumatically powered hoists as shown in Figure 10. Integral precision hover and dis-
play systems will provide safe,
routihe instrument flight up to the 4 MIL-H-850"A!

aircraft's power-limited maximum IFR. i
speed with an external load, and I I-4±1-3

accurate placement of the load from _SHORT-PERIOD_
an altitude- and attitude-stabilized MOD0 E
hover position.

Variable Longitudinal Hook DAMPED
Positioning ' 2 FREQUENCY

TANDEM DUAL HOOK 1 H.RAD/SEC
The two hoists are mounted on PE ULU E

traversing mechanisms which permit L
adjustments in hook separation from
spacing is based on compatibility A 60 KNOTS PHUGOID i

with containerships requiring below- I 105 KNOTS MODE
decks extraction of the 3 x 8 x 20- L
foot container. The 26-foot separ- -4 -3 -2 -1 0-l
ation was calculated from a hook REAL PART OF ROOT - SEC
separation-to-external-load length Figure 9. Longitqdinal Stability Roots
ratio of 0.6 and a load length of
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of 40 feet. Ratios of at least
0.6 have provided excellent

high-speed cargo stability under
N AN both visual and instrument flight

conditions. Loads over 40 feet
1 in length can be flown, but

_J some degradation of instrument
flight characteristics may be
er'-ountered.

HOIT I Load Motion Feedback

7< OHST IN XSHOSTINSTUW MNI•SOE. COUPLING.
,OZ• W| •UC~• ...... The flight control system

OUTBOARD for the heavy-lift helicopter
POSITZIONULN hefih onrlsse

will include a load motion,o~a•feedback capability to enable

precise control of a!.rcraft and
external-load positioning -nd

/ to ensure stability of the sus-
S OSITICHING pended load in gusts. This
GIDES system will sense load motion

Figure 10. Tandem Dual Hook System for and provide stabilizing control
Heavy-Lift Helicopter as required to effectively

damp any random or pendulum load motions. In a typical control situation, the
pilot or load-controlling crewman will make the desired control input or displace-
ment and the load motion feedback system will shape the Actual control inputs to
the rotors to satisfy the pilot's command without exciting any undesirable motion
of the load. The effect of wind gusts will be minimized by automatic corrections
to maintain a precise hover position. The final configuration of this system will emerge
from the recently completed full-scale flight tests and studies of the flight control
system now in pro'ress.

Differential Winching

Different cargo attitudes are desirable at various stages of an external-load
mission. With the tandem dual hook system load attitude control follows qui-e natur-
ally from differential adjustment or winching of the two hoist cables.

Figure 11, which depicts the unloading of a containership, demonstrates the require-
ments for the following load attitudes:

"* In hover (velocity, V - 0) over the ship, a level load attitude is required for ex-
traction from the vertical guide rails which support the containers in tiers.

"* During climbout at 60 knots, a load attitude providing optimum aerodynamic stability
is required.

"e In cruise (velocity, V - 125 to 135 knots), the cargo attitude should be rijusted
fcr minimum aerodynamic drag and positive load-stability gradients.

v 125-135 TS V v0
KNOTS

Figure 11. Cargo Load Attitudes at Different Stages of
Externa l-Load Mission

Visual Augmentation System

An external-cargo display system incorporating visual augmentation is required to
permit ptecise positioning of the aircraft over a load for pickup and for cargo place-
ment under poor visual conditions caused by darkness, blowing snow, and dust.

A visual enhancement system designed to supplement direct eyesight should have a
field of view at least as large as that of the human observer. To provide such a
capability, a very wide angle lens, commonly called a fish-eye lens by the optics in-
dustry, can be employed. A schematic diagram of a potential heavy-lift helicopter

I I I I!
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system using a fish-eye lens is shown in Figure 12.
SATTITUDE IUE HITSSESO

Figure 12. Schematic Diagram of Visual Augmentation System

The pilot display fcr cargo-handling oper-
ations is shown in Figure 13. To hook up the
load the pilot need only position the heli-
copter so that the desired hook touchdown
point (represented by the appropriate white
cross) ii superiz~posed on the hookup coint, and
then lower the hook (represented by the appro-
priate white circle) until the hook engages
the cargo.D

CONCLUSIONS

Extensive analytical, wind tunrg,l, and
full-scale flight tetst have proved the merits .
of the tandem dual cargo hook concept for k '
stabilizing helicopter external loads. The
heavy-lift helicopter will be the first pro-
duction aircraft to incorporate this system,
along with the hover precision, in-flight road
winching, and load motion feedback necessary
to make it adaptable and versatile. This
should open the way uo high-speed transport of Fgr 3 io' ipa rmVsa
external boads by helicopters under all weather Figreg3. enltsipayo Frotm Vsa
conditions.AumnainSse
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MATERIALS9 F( ADVANCED RO'TOCRAFl

J.P. Jones, PhD, BSc (Eng), C.Eng, AFRAeS

Research Director, Westland Helicopters Ltd.
Yeovil, Somerset

.* INTRODUCTION

I must first apologise for the fact that this paper bears very little resomblance to the tit'.e
given in the programme - or even to the title on the cover. This is because the whole thing was invented
by M. Poisson-Quinton and I may say that it came as a severe shock to see it in print. My initial reaction
was to send a rude cable to Paris but after some thought I decided that I would try to conjure new rabbits
out of the array of magical materials we now have available to us.

In this I have failed dismally, thus exposing the fact that I am neither inventor nor original
thirker but I think I have uncovered something of importance which should be aired and indeed I feel should
have been a formal topic on the Agenda. Thus the real substance of this paper is out of order in present-
ation but in deference to the programme I have taken materials as a background.

2. ADVANCED ROTORCRAFT

The issue which has not been discussed is what we mean by 'Advancement'.

When one who is not a prophet is compelled to prophesy the only way open is to look back into
history to some similar time, observe the subsequent pattern of developments, and then argue that our future
can be guessed at through parallels and analogies. Provided that this technique is used carefully it can be
a valuable guide; unfortunately my analogies all seem to point to what will not happen rather than what will.

Insofar as materials are concerned the only period I have been able to identify is the late 20's
when aircraft construction was changing over from wood to metal. If the present time really were to offer
comparable opportunities then we could look forward to tremendous developments. Unfortunately the parallel
is incomplete for at that time many other features which, in combination, were ultimately to transform the
aeroplane, were coming into use. For example the re-tractable undercarriage, variable pitch propellers,
new fuels and bigger engines. Also emerging was better understanding of the mechanics of aeroplanes. The
true nature of induced drag was clear, an important paper by Melvill Jones brought out the value of reducing
drag, it was known how to make skin structures carry loads and there was a growing understanding of airline
economics. Just over the horizon were the gas turbine and rocket engines and the probability of supersonic
aud space flight. Thus tho designers of that day had a whole array of new features at their disposal and
these were an enormous spur to advancement for almost unlimited improvements in performance and payload
seemed to be possible. There was a captive military market and the civil opportunities were most tempting.
Perhaps most important for the engineers of that time the technical possibilities generated enthusiasm,
they inspired vision and permitted a continuing hope.

In the rotorcraft world no such situation obtains to-day. The limitations on performance are
fundnemntal rather than simply technical and although there is no shortage of schemes for avoiding the
limits, those scheme fail commercially because their advantages cannot find a market. The fact is that
with the exception of those military-type tasks which require the ability to land and take-off anywhere, all
the aeronautical markets appear to have been pre-empted by fixed wing aircraft. Rotororaft seem to be forty
years too late to exploit anything other than the ability to land and take-off vertically. What is worse,
the progress of fixed wing aircraft has become the standard of and the golden road to, achievement. Thus
when we talk of "Advanced Rotorcraft" we mean machines which will follow the fixed wing path - with a few
added virtues.

There have beeninnmerable attempts to achieve this standard - compound helicopters, tilt wings,
ducted fans, tilt rotors, the ABC helicopter and so on. These investigations have taken twenty years or
more and they are now so much part of our heritage that we automatically assume that an Advanced Rotororaft
will be some similar new concept.

I believe that this implicit assumption is doing rotorcraft much harm. They cannot posnibly
Mave the same standards or follow the same course as fixed wing aeroplanes because the starting points are
not the same. Fixed wings and rotary wings are fundamentally different, the former are designed to work at
high speed but the latter can fly at zero speed. Nothing we do, from tilt rotors to fan lift, can hide the
fact that rotororaft are meant to fly at low speeds and fixed wing aircraft for high speeds. The courses
of their evolution must be totally different and it follows that we must try to evolve our own standards of
advancement. Of course one can sympathise with this twenty year search for an aeroplane which combines the
virtues of fixed and rotary wings with the defects of neither. But the reason for it is not just the desire
to achieve a performance, it is a way and I believe an artificial way, of sustaining the atmosphere which
has been one of the mainsprings of aeronautical advance.

It is artificial because this is not the 1920's. Not only is the range of technical possibilities
much more limited nowadays but also the attitudes to aeronautics are so different. Fifty years ago every-

boey wanted speed and pioneering achievements and technological developments. Nowadays they do nots com-
fort, convenience (most certainly not any form of inconvenience), a distaste for war and an awareness of
commercial necessity form the social background for the advancement of rotorcraft.

Against this we must ask what rotorcraft have to offer, or in what sense they are deficient and
then decide how the advances should be made. In other words we must first establish what is the market
and supply that, rather than just making things because they are interesting and possible. Designers
must also be willing to derive encouragement and importance from a new source - for example the fact that
they are doing society a service rather than giving a lead in technology.
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The feature which rotorcraft have to offer and must be exploited is their ability to get in and
out of small landing sites. It confers great flexibility. Speed and economy of operation are obviously
important factors but they only become paramount if a competitive form of transport exists. That is why

hybrid transport rotorcraft are hard to sell, because they are deliberately attempting to compete with a
faster, cheaper method. The form of transport which depends upon flexibility for its appeal is the motor
car. From the point of view of speed the advantage lies with the helicopter, particularly over water and
congested areas, provided that the distance is between 50 and 250 miles. The disadvantages of the heli-
copter are that it is not cheap to buy or run and not simple to operate, particularly in poor visibility.

These are the deficiencies to be overcome and it will be obvious at once that there is no place
in this scheme for what we generally think of as advanced hybrid Rotorcraft. A 50% increase in speed at the
expense of great complexity, some loss of flexibility and an increase in cost does not yet have much appeal.
I have no doubt that a market for these devices will emerge but only as a consequence of the wider use of
helicopters.

3
Therefore the improvement of helicopter comfort, ease of flying and maintenance and a little in

speed and economy should be our first aim. I would also add that they ought to look more robust and attract-
ive. At the moment they all have what one may charitably call a utilitarian or fundamental appearance but

still manage to look remarkably like the prototype of the early 1940's.

If this probably wider civil use is not sufficiently inspiring then one can turn to military
applications. Anti-submarine operations scouting and local transport are already recognised as the pro-
vince of the helicopter but I believe that by the 1980's the fighting helicopter will have come into
common use. Indeed I hope so for I believe that this development is necessary to a wider civilian accept-
ance and appreciation of rotororaft. I have chosen the phrase "fighting helicopter" deliberately to diet-
inquish it from existing military types which, with one or two exceptions, are transport aeroplanes.

Low level operations, against ground and air targets, will be the sphere of the fighting heli-
copter. For this purpose they will be heavily armed and armoured, able to fly at 200 knots or so, be very
manoeuvreable and have a high rate of climb. Manoeuvreable here means the capacity for high accclerations
along, normal to and about the flight path so that the aircraft can rapidly change attitude and position.
The speed is necessary to avoid small arms fire as well as for travelling quickly from place to place.

The big basic difference which I see between these helicopters and present day machines will be
in the installed power. Something like five times the present level of power is needed to bring helicopt-
ers into the same general performance bracket as fixed wing ground attack aircraft. It will be necessary
to make rotors and perhaps other lifting and propulsive devices, which can absorb this power. There is
great scope here, and in the development of suitable armour, for the use of new materials.

3. SOME NEW MATERIALS

Altogether then my contention is that the conventional helicopter is the machine we should ad-
vance. In broad terms we must seek to make it more widely usable. This will undoubtedly mean a change in
its a;pearance and perhaps configuration as the geometric proportions of the various components %hange.
New materials must play a part in this transformation and it is likely that radically new mechanical pro-
perties will be wanted.

Obviously the greatest value of new materials will be in the reduction of structure weight but
helicopters provide much wider scope. Unlike fixed wing aeroplanes - and this is another reason why a
parallel with the 1920's cannot be drawn - rotoreraft make direct use of forces associated with elasticity
and inertia as well as with airflow. Thus materials can be employed to improve handling qualities.
Examples of this have already been discussed at this meeting. Herr Reichert and Herr Huber have explained
how torsionally-flexible blades with a chordwise offset e.g. can be used to improve stability and control.
Hr. Balmford has explained how to obtain, in a semi-rigid rotor, the values of flapping and lagging stiff-
ness needed to improve response and maintainability whilst keeping low edgewise bending stresses and avoid-
ing ground resonance.

These two examples, and there are many others, make use of fibre glass and titanium, materials
which can be classed as new because they are only just coming into common use. They do not produce rad-
ically lighter structures than steels or light alloys but they are now well-known to engineers and we must
expect their use to continue and expand. However they are not particularly cheap. Whilst fabrication in
glass fibre car. be mechanised raw material of aircraft quality is quite expensive, good toolizg is essential,
a lot of development is necessary and good quality personnel are required. Virtually the same is true of
titanium. Fig.1 shows a rotc.: hub forged in one piece from titanium.

A material which at the moment appears to have most to offer the helicopter is carbon fibre re-

inforced plastic and to conclude I propose to outline some of the ways in which it might be used.

3.1. Carbon Fibre Reinforced Plastic (C.F.R.P.)

This is a really unusual material. Like all composites its mechanical properties cannot be
simp.j defined because the fibre orientation, distribution and content and the constitution of the resin,
all depend upon the item which is to be made. But a few generalisations are possible.

In its cross-plied form the ratio of the elastic modulus to the density is twice that of metals.
Its tensile strength for half the weight is comparable with that of dural and evidence from simple specimens
shows that the fatigue stress for infinite life can be as high as 60% of the ultimate stress. It is avail-
able in short lengths or as a continuous fibre, as a felt or mat or cloth and in the form of sheet or tape.
Bonds with other composite materials are easily made. Broadly speaking it is a material most useful for
those structures whose design is governed by stiffness or aero-elastic requirements.

Of course carbon fibre has disadvantages in that it corrodes rapidly if brought into contact
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with certain metals, the strain to fracture is small so that it is not easy to fabricate, and there are

difficulties in learning to design in brittle materials. At the moment the cost is very high.

Nevertheless we can assume that these problem will be overcome in time. Already there have
been big advances in methods of fabrication. An example of a tape-winding machine is shown in Fig.2 and
recently a very useful machine tool for forming felts has been developed.

Until the proper techniques of fabrication have been learned, the stressing rules are known
and a suitable code of airworthiness has been established, carbon fibre will be primarily used to reduce
the weight of conventional structure elements. Beyond that time we can think of using it to make possible
things which otherwise would not have been.

2.
One item which shows a very big improvement in weight is the drive shaft . Fig.3 shows a 4 ft.

long 4 ins. diameter specimen which transmits 700 horse-power. Including the glass fibre end fittings
this weighs only 40% of its metal equivalent. A bigger structure now under manufacture is the tail boom
of a Wasp helicopter. This is a tapered, truncated cone of irregular cross section about 10 ft. long,
designed by stiffness requirements. The weight, even when a plastic super factor of 1 "3 is imposed, is
only 75% of that of the metal boom. Fig.4 shows a section built to examine the problems of joining the
boom to the fuselage proper.

These are examples of fibre used as the main material of construction but there is also great
scope for the use of C.F.R.P. as a local stiffening or reinforcing element. Fig.5 shows a glass-fibre
tailplane, again for the Wasp helicopter, with a carbon stiffener over part of the upper surface. For
a 5% increase in weight the natural frequency of the tailplane was raised by over 20%.

The value of mixing glass fibre and carbon fibre is becoming generally recognised. The select-
iva use of carbon produces structures which are basically cheaper, easier to fabricate and more efficient
than elements made entirely in that fibre. Some examples, such as propeller blades with carbon fibre spars
and rotor blades with carbon fibre trailing edges are already in use. The torsional stiffness of glass fibre
and honeycomb rotor blade is very effectively increased by a skin of carbon fibre.

It is now clear that large overall savings in weight are possible. A study carried out on a
helicopter of 8,000 lb. A.U.W. shows that the saving can be as much as 500 lb. with even more if felting
techniques can be used to replace castings. There is therefore a good prospect of decreasing the structure
weight of conventional helicopters by about 20% (of the structure weight) and this should happen towards
the end of the 70's.

As yet there does not seem to be a case for using carbon fibre as the primary spar material in
conventional rotor blades. The reasons are that blade stiffness is primarily centrifugal and saving weight
in the spar is not helpful if it has to be put back by the mass-balance. But for rotors of high solidity or
semi-rigid systems as stiff as the ABC the combination of low weight with high stiffhess and good fatigue
properties will be invaluable.

4. su~MMO-U
I have argued that the real advancement of rotorcraft will be the wider use of helicopters -

and not in the emulation of fixed wing performance. For civil use the aerodynamic performance will not
improve much but new materials should bring about some real gains in economy of operation and in the ease
of maintenance. This is especially important because relative to other forms of transport, helicopters
have been getting cheaper anyway. If there is now a chance of them becoming cheaper in absolute terms we
can look forward to a great expansion.

One exciting prospect is the use of materials to provide better handling qualities; Everyone
would like the helicopter to be easier and more positive to fly. I would regard research into this subject
as a matter of high priority for there are several issues to be resolved.

Military use of transport and scouting aircraft will continue of course, helped by new materials
just like civil aircraft. But the big advance must come in the development of fighting helicopters. One
can imagine that these will require rotors of much greater disk loading and solidity, with thinner blades
and higher tip speeds. They will have auxiliary lifting surfaces and extra propulsive devices such as
dual-purpose propellers. Special materials and new attitudes of mind will be needed to make these aircraft.
Sikorsky Helicopters have already showmn what is possible by sing armour plate as a main structural element.
It now only requires some inventive genius to use the attack teapons as part of the structure. Some caution
in this respect is necessary though. It was suggested to us that gun barrels, if filament wound in carbon
fibre would be much reduced in weight. This was followed up with enthusiasm until it was remembered that
the fibres have a negative coefficient of thermal expansion.

Both civil and military helicopters will gain from improvements in their appearance. In order
to be more pleasing to the eye their structures should fill more of the volume they occupy. Retractable
undercarriages help considerably. The 'Fenestron' is a most welcome innovation for it makes the rear -and
less untidy and it restores symmetry. In a similar way the ABC should make main rotors more attractive
provided that the height requirements do not leave it looking like a parasol byplane. New materials will
have a big part to play here and there is a case for taking some of their weight advantage and using it in
ways which have aesthetic, rather than economic, appeal.

Many people will no doubt feel that I have dismissed hybrid rotorcraft too lightly and on purely
technological grounds they will be right. In proportion to the helicopter such aircraft gain more from the
use of new materials but the real question is still whether they will be able to satisfy a mark.t. The
proportionately higher gain is due to the fact that at the mement the extra complications and redundant
items weigh far too much. That this disadvantage can be eliminated I do not doubt but it is still the
case that the hybrid is meant to compete with fixed wing aircraft, which themselves will employ new mat-
erials and be even more advanced a decade from now. The market for convertible rotor aircraft, does not
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yet exilt but it will I think be generated when there are more helicopters about and one commercial
pressure or another makes increases in performance worth while. Of course.- when the ultimate in new
materials has been developed it is most unlikely, if not inconceivable, that rotorcraft will look as they
do now. Their configuration is partly dictated by the materials available and a revolution in their prop-
erties will almost certainly lead to new configurations. Some of these will be advanced hybrid rotorcraft.
We should therefore be unwise not to continue our basic research into these machines.

Finally a word about the materials themselves. The development of the various compt.sites has
led to a better fundamental understanding of the mechanics of materials. In particular it is becoming
clear how to make substances which combine the desirable features of ease of fabrication, low density,
high resistance to fatigue, ultimate strength, toughness etc. One example of this mixes carbon, boron and
epo., resin. It is therefore likely that real revolution is possible for there ic an unlimited passport
of new materials for both general and special use. On the other hand it is certain that considerations of
airworthiness, econovW, durability and the lack of appropriate design experience will make the practical
adoption of these inventions a slow process.
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FIG. 1. TITANIUM ROTOR HUB
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FIG. 4. SECTION OF TAIL BOOM IN C.F.R.P.

FIG. 5. GLASS-FIBRE TAILPLANE STIFFENED WITH C.F.R.P.
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SUMMARY

The helicopter is the most successful and best understood type of VTOL aircraft, whilst
the subsonic turbofan aircraft is the accepted form of short/medium range orommercial transport. The
Stopped Rotor Aircraft combines the characteristics of these two types and would seem therefore to offer
considerable potential in the VTOL short range transport field. However, closer investigation reveals
that the constraints applied by one lifting system on the other are such that a successful compromise is
difficult to achieve. This compromise is eased by utilizing the unique properties of the Circulation
Controlled Rotor.

The paper examines the fundamental problems of the Stopped Rotor Aircraft and shows why
the Circulation Controlled Rotor is ideally suited to such an aircraft. The aerodynamic characteristics
of the Circulation Controlled Rotor are discussed and the results of test data presented. Finally, the
evolution of a typical stopped rotor aircraft design using circulation controlled rotors is illustrated.

1. INTRODUCTION

The process of evolution in aviation has led to two well established and quite different
types of aircraft. On the one hand there is the conventional Subsonic Turbofan Aircraft, and on the other
the conventional Helicopter. Between these two extremes there is a whole range of V/STOL types which
have been considered and/or developed with varying degrees of success. Figure I attempts to summarise
the field and indicates where some success has been achieved. The most obvious successes have been
Direct Jet Lift, Vectored Jet Lift and Tilt Wing in the VTOL field, and Turboprop in the STOL field.
The Stopped Rotor Aircraft, which in principle combines the characteristics of both helicopter and
conventional turbofan aircraft, has not appeared prominently in the many and varied V/STOL studies
that have been performed by aviation groups during the last decade. It would appear that the problems
and penalties associated with the design of this type of VTOL aircraft are such that a feasible solution
has either eluded designers completely or the projects that have been evolved are non-competitive. This
paper examines the problems of the Stopped Rotor Aircraft and shows why many of them can be solved
by using the Circulation Controlled Rotor. The use of the Circulation Controlled Rotor for Stopped Rotor
Aircraft was originally proposed by Dr. I. C. Cheeseman of the National Gas Turbine Establishment in
reference 1. It has subsequently been studied by Hawker Siddeley Aviation and considerable research
work has been completed both by NGTE and HSA.

This paper surveys the work performed by NGTE and HSA and traces the major steps in
the HSA project studies.

2. DESIGN PROBLEMS OF STOPPED ROTOR AIRCRAFT

2.1 Disc Loading and Blade Loading

Most conventional helicopters are designed with rotor disc loadings of about 5 lb/sq ft.
blade loadings of 80 - 100 lb/sq ft and tip speeds of about 700 ft/sec. Figure 2 shows rotors of these
proportions super-imposed on the planform of a typical subsonic aircraft. The wing of this aircraft has
an aspect ratio of 5 and a wing loading of 120 lb/sq ft optimised for short range high Mach number
cruise and uncompromised by airfield performance considerations. The rotors are asaumed to be three
bladed since this poses the least mechanical problem associated with folding. Clearly the rotor blades
are of such a length that they cannot be accommodated easily when folded. By increasing the disc loading
more manageable blade lengths are achieved but only at the expense of wide blade chords which re-
complicate the problem of blade folding and lead to wide unwieldy stowage compartments. The tandem
layout with a disc loading of 10 lb/sq ft appears to offer a workable arrangement but obviously the problem
of folding and stowage would be considerably eased if both disc loading and blaae loading were increased.
This problem is further aggravated for civil applications where noise is important. It is desirable in
these circumstances to limit the tip speed to about 500 ft/sec and this leads to a further reduction in
the useable blade loading. Clearly the use of very much higher blade CL's and hence blade loadings,
would help to solve the blade folding and stowing problems.

2.2 Blade Divergence

Conventional rotor blades possess very little bending stiffness in their own right. In
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normal helicopter flight the bending moments due to lift are reacted almost completely by the stiffness
imparted by the centrifugal inertia forces. When the rotor of a Stopped Rotor Aircraft is slowed at the
end of transition this centrifugal "stiffness" disappears and lift forces can only be reacted by the real
blade stiffness. Although under these conditions the rotor lift is designed to be zero, there will inevitabl7
be lift forces generated due to gusts and other flow disturbances. For any rotor there is a critical flight
speed at near zero rotational speed,above which aero-elastic divergence will occur in the blade bending
mode. This problem has been investigated in Reference 2. It is likely that divergence can only be
avoided with conventional rotors if transition speeds are limited to low levels., This leads to low wing
loadings and complicated high lift devices with consequent weight penalties.

2.3 Oscillatory Loads

As the helicopter rotor rotates in forward flight the blades are subjected to a continually
varying incidence pattern. This incidence pattern, together with the variations in dynamic head
experienced by the blades results in complex oscillatory forces. These forces can be nullified to some
extent by the conventional cyclic pitch control. Howevei, this control is normally only capable of first
harmonic variation and quite large multi-harmonic forces remain. Under normal helicopter operating
conditions the frequency of these oscillatory forces is such that they are largely absorbed by the
mechanical/aerodynamic damping and inertia of the rotor itselI; and only a relatively small proportion
is felt by the airframe. During the rotor stopping phase of the Stopped Rotor Aircraft there are several
reasons why these oscillatory forces will be more troublesome.

(i) The multi-harmonic content of the forces increases and cannot be counteracted
by the cyclic pitch control.

(ii) The frequency of the forces reduces and hence is less readily damped.

(iii) The rotor system needs to be stiffer than that of the conventional rotor in order

to avoid the divergence problems of Section 2.2.

For these reasons the Stopped Rotor Aircraft will exhibit very poor ride qualities during
the rotor stopping phase unless it is possible to reduce the incidence dependant lift characteristics of
the blades.

2.4 Gust Upsets

During the rundown phase on a Stopped Rotor Aircraft the rotor will be very susceptible
to gusts. The effect of these gusts will be to produce irregular random forces and moments on the
slowly rotating rotors. On some configurations these forces and moments will be unsymmetrical and
could lead to serious stability and control problems during the rotor rundown phase. Clearly the high
blade loadings and low incidence dependant lift qualities shown to be desirable in Sections 2. 1 to 2.3
would also show benefit here.

2. 5 Desirable Characteristics for the Rotors of Stopped Rotor Aircraft

From the discussion of section 2.1 it is desirable to use a disc loading of at least 10 lb/sq ft
for Stopped Rotor Aircraft in order to achieve blade lengths compatible with stowage. High design blade
CL's are then necessary in order to reduce the blade chords and tip speeds to acceptable levels. In order
to avoid blade divergence during the rotor stopping phase it is probably necessary to use sections which
have low incidence dependant lift characteristics. At the same time the use of very thick sections.
particularly at the blade root will help. Combination of high blade loading and low incidence dependant
lift will lead to the reduction of the rotor rundown oscillatory forces and the sensitivity of the slowing
rotor to gusts.

3. CHARACTERISTICS OF CIRCULAR SECTIONS WITH INDUCED CIRCULATION

3. 1 Lift Characteristics

A rotor blade of circular cross section with circulation induced by blowing goes a long way
towards fulfilling the requirements of Section 2. 5. The lift characteristics of such a section are shown
in Figure 3 compared with those of a conventional aerofoil. This data is for a circular cylinder of finite
span and aspect ratio 12 and is taken from Reference 3. Other data on circular cylinders are available
from NOTE work in References 4, 5, and 6. The total information available on circulation controlled
cylinders varies considerably in both quality and performance and much further work is required before
a full understanding of the parameters involved is acquired. However, Figure 3 shows a fairly high
standard of performance from the available evidence. As can be seen the available lift coefficient for a
circulation controlled cylinder is many times greater than that for a conventional aerofoil and this means
that the useable blade loadings are at least five times greater than those for conventional aerofoils.
Although the incidence dependant lift characteristic at high blowing momentum are much the same as
that for a conventional aerofoil the change in dimensional lift for a given incidence change will be much
lower for the circulation controlled section due to the high blade loadings that can be used.
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3.2 Critical Mach Number

Although the characteristics outlined above suggest that a circular section is ideally
suited to high disc loading, low tip speed rotors of low solidity, their use is in fact extremely limited,
due to their very low critical Mach Numbers. Figure 4 shows the critical Mach number of a circular
cylinder with induced circulation. Under hovering conditions if the high CL's available are used, tip
speeds have to be limited to 300 - 350 ft/sec. This leads to high induced power and high rotor torque
which results in significant weight penalties in the rotor drive system. If a reasonably high transition
speed is used to avoid low wing loadings and complex high lift systems the low critical Mach number of
the circular section leads to difficulties here also. With a transition speed of say 140 kts the rotor
r.p.m. has to be restricted to a level low enough. to avoid the advancing tip exceeding M = 0.47. This
means that the rotor r.p.m. has to be reduced during transition but more important it results in advance
ratios appro-.ching unity towards the end of transition. Clearly it is preferable to strike a compromise
between the characteristics of a circilar cylinder and those of a conventional aerofoil.

4. CHARACTERISTICS OF ELLIPTIC SECTIONS WITH INDUCED CIRCULATION

4.1 Critical Mach Number

The critical Mach number limitations of circular cylinders described in Section 3.2 can
be alleviated by using elliptic cylinders. Figure 5 shows the critical Mach number of elliptic cylinders
as a function of Thickness/Chord ratio and induced CL. The use of a 40% ellipse and a tip speed of
about 480 ft/ sec leads to advance ratios of less than 0. 5 during transition for a transition speed of
140 kts without rotor slowing. It is not suggested that the 40% ellipse is the optimum section for the
Circulation Controlled Rotor, lower CL's and higher tip speeds could be used if noise is less important.
However, it must be pointed out that attempts to produce circulation control on sections with small
trailing edge radii have not been very successful. It could be that a non-elliptic section with a more
rounded trailing edge may offer better characteristics.

4.2 Lift

The lifting characteristics of a 40% elliptic section are shown in figure 6. This data is
also taken from Reference 3. Further data on the characteristics of elliptic sections are available in
References 7, and 8. Compared with a circular section the 40%6 ellipse shows marginally less
efficiency with regard to lift versus blowing momentum. A 40%6 non-lifting ellipse also shows an incidence
dependant lift characteristic which is about one third of that for a conventional aerofoil. The maximum
lift coefficients available for a 40% ellipse are somewhat lower than those for a circular section. However,
they are more than adequate to achieve the operating conditions suggested in section 4. 1.

The data shown in Figure 6 indicates that at positive incidence and high blowing momentum
partial stalling of the section is occurring and this is thought to take place between the blowing slots. It
is considered that this effect can be improved by repositioning the slots or possibly introducing further
slots. Optimisation of the blowing clot geometry is not very advanced and considerably more research
is required in this area.

4.3 Drag

The drag of circulation controlhad sections has been investigated in references 3 to 8 but
at this stage a clear picture does not emerge. In general one would expect that as the blowing momentum
is increased wake closure would occur and this has been demonstrated in some of the experimental data.
However, in some cases separation bubbles and spanwise discontinuities have occurred and the drag
results have been irregular. The foregoing remarks on blowing slot position optimisation apply equally
as far as drag is concerned. There is evidence from some of the data that low drag can be achieved at
the expense of poor lift/blow efficiency and vice versa.

5. ROTOR PERFORMANCE

5. 1 Rotor Geometry

The majority of the work performed by Hawker Siddeley Aviation is concentrated on rotors
of parallel chord with 40%9 elliptic tips and circular sections at 20%6 radius. The general arrangement of
a typical rotor blade is shown in figure 7. This shows three blowing slots wh-ch taper linearly from tip
to root designed to give a tip CL of 2 and a root CL of 8 under hovering cond~tions and maximum normal
acceleration. For reksons which will become apparent later, work has been concentrated on three bladed
rotors.

5.2 Induced Power

Many attempts have been made in recent years to refine the process of calculating induced
power. These have consisted of making a more accurate assessment of the induced velocity field of a
rotor. In the case of Circulation Controlled Rotors the accurate assessmnent of this velocity field is even
more important than in the case of a conventional rotor. The Circulation Controlled Rotor is capable of
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achieving very high disc loadings with only moderate tip speeds and this results in large helix angles in
the rotor flow field. This means that the in-plane induced velocities produce a significant contribution
to the induced power. The induced flow field for a rotor of this kind has been calculated by Seed in
reference 9.

5.3 Profile Power

It has already been explained in Section 4.3 that the profile drag of circulation controlled
sections is not well established. For this reason some doubt exists regarding the level of profile power
for these rotors. In the absence of better information the profile drag of circulation controlled sections
has been assumed to be equal to that of the same section without blowing.

6. ROTOR MODEL TESTS

6.! The Models

Model test rotors have been built by both Hawker Siddelev and the National Gas Turbine
Establishment. These rotors have embodied both elliptic and circular sections. Figure 8 shows a 4 ft
diameter, three bladed rotor built b'. Haw'ker Siddeley Aviation. This rotor has tips with 40% elliptic
sections tapering to circular sections at the root. Each blade has three blowing slots. A wide variety of
tests have been performed with this rotor including free air hover, and airframe interference tests in
the Hawker Siddeley 15 ft V/STOL tunnel. Figure 9 shows a 12 ft diameter test rotor at NGTE. This
rotor has circular sections throughout and is one of the earliest rotors tested. This rotor has subsequently
been modified to give information on the effect of 20% elliptic tips. It has been tested under free air hov-
ering conditions, under forward speed conditions in the RAE 24 ft tunnel, and also under forward speed
conditions on a specially constructed mobile test vehicle. Tests on the 4 ft diameter Hawker Siddeley
rotor are reported in references 10, 11 and 12 whilst tests on the NGTE rotor are reported in references

13, 14, 15 and 16.

6.2 Experimental Results

It is not intended in this report to .aote a comprehensive set of experimental results since
these are available in the references. However, in this section a few typical results are quoted.

6.2.1 Isolated Rotor

Figure 10 shows the shaft horse power required together with the adiabatic blowing horse

power for the Hawker Siddeley 4 ft diameter rotor under hovering conditions and at 60 and 120 ft/sec
forward speed. The measured shaft horse power is in close agreement with estimates. However, the
blowing power is in excess of that estimated using the data on blowing requirements from Sections 3 and
4. It is thought that this poor blowing efficiency could be a Reynold's number effect since the blades on
the 4 ft diameter rotor are a mere 1. 5 inches chord. It is also possible that the blowing power could be
reduced at the expense of an increase in the profile shaft power as suggested in Section 4.3. The results
shown in figure 10 illustrate the considerable penalties in installed power (about 50%) which one has to
pay with Circulation Controlled Rotors compared with conventional rotors.

6.2.2 Rotor Airframe Interference.

The 4 ft diameter Hawker Siddeley rotor has been tested in the Hawker Siddeley 15 ft
V/STOL tunnel in conjunction with a half model of a lateral-twin rotor aircraft. The NGTE 12 ft diameter
rotor has been tested in the RAE 24 ft tunnel in conjunction with a full span wing forming a central rotor

configuration. These two sets of experiments reported iA references 11 and 16 provided interesting
information on the problem of rotor airframe interference. Figure I I illustrates the main points
resulting from these experiments. Under hovering conditions the lateral-twin configuration shows a
wing downforce slightly greater than that for the central rotor configuration. However, as the forward
speed increases the wings on the lateral-twin begin to generate lift at a very low forward speed, whereas
the wings for the central rotor configuration are unable to generate lift until a much higher forward speed
is reached. The implications of this are that a lateral-twin configuration would exhibit much easier
transition characteristics than a L antral rotor configuration, but would suffer more adverse interference
effects in the hover and require more installed horse power.

7. CYCLIC CONTROL

In common with more conventional rotors, Circulation Controlled Rotors require cyclic

control to the blade lift. This cyclic control is required to provide the necessary trimming moments
for CG position, manoeuvre and to cope with the effects of forward speed. Figure 12 shows a cyclic
control valve as devised by Hawker Siddeley Aviation. This is a sleeve, port valve, air being supplied
from a plenum chamber through ports into the ducts supplying the rotor blades. The area of the ports
is controlled by tapered sleeves surrounding the central supply duct. The two tapered sleeves can be
moved apart in order to increase the area of the ports, thir being equivalent to collective control on a
conventional rotor. Alternatively, the two tapered sleeves can be rotated with respect to each other.

In this way the area of the supply ports varied cyclically as the rotor rotates. This forin of control is
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equivalent to cyclic control on a conventional rotor. If the two sleeves are rotated together then the
azimuthal position of the cyclic control is varied. Unlike the cyclic control mechanism on a conventional
rotor the parts of the cyclic control valve shown in figure 12 do not covtain any components with
reciprocating motion. This represents a considerable simplification compared with the conventional
rotor system.

A model valve embodying the principles shown in figure 12 has been tested on the H.S.A.
4 ft diameter rotor. These teats which are reported in reference 10 demonstrate the complete viability
of the valve. Figure 13 shows the effectivensas of the cyclic control valve in producing pitching moment

on the H.S.A. 4 ft diameter rotor. The maximum pitching moment produced is equivalent to a shift in
lift centre of abr-t one quarter of the rotor radius. In producing, control moments of this order it is
necessary to apply the cyclic control some 30 - 400 in advance of the required moment vector. Other
forms of cyclic control valve for the Circulation Controlled Rotor have been devised by Hawker Siddeley
Aviation and the National Gas Turbine Establishment. All these valves are very much simpler than
their conventional rotor equivalent and one of them includes a very simple means of achieving high
harmonic cyclic control. In addition to the simplicity of the cyclic control valve it is also worth noting
that the rotor itself offers further simplifications. The rotor blades have no pitch change mechanism,
nor have they any flapping or drag hinges.

8. CONFIGURATION ASSESSMENT

Three possible configurations have been considered for Stopped Rotor Aircraft. These
are the Single Central Rotor, the Tandem-Twin Rotor, and the Lateral-Twin Rotor Configurations.
The table below compares these configurations.

CENTRAL ROTOR TANDEM-ROTOR LATERAL-TWIN

Advantages i. Good helicapter i. Good helicopter i. Good interference
background background ii. Balanced torque

ii. Balanced torque iii. Low induced power
iv. Symmetrical. gust

response
v. Uncorrpromised cabin

layout

Disadvantages i. Bad interference i. Bad interference i. Poor helicopter
ii. Unsymmetrical gust ii. Unsymmetrical gust background

response response
iii. Rotor torque reaction iii. Cabin layout problems
iv. Cabin layout problems iv. High induced power

The lateral-twin appears most promising and was consequently chosen for project studies by Hawker
Siddeley Aviation. In choosing the lateral-twin configuration it was realised that there may be rotor
stowage problems due to the absence of suitable bodies at the wing tips. However, the characteristics
of a Circulation Controlled Rotor with the blowing system turned off are such that the blades can be
stowed in line of flight w-thout the need for retracting into stowage bays. Initially it was envisaged that
two bladed rotors would be used, simply parked in the direction of flight after transition. However, it
soon became apparent that under rotor rundown conditions the level of vibration resulting from the
aerodynamic forces on two bladed rotors would be such that the quality of ride in the aircraft would be
extremely poor. It was therefore decided that the rotors should be three bladed, parked with one blade
facing forward and two blades folded to trail rearwards.

9. POWER PLANT ARRANGEMENTS

9. 1 Integral Lift and Propulsion Engines

During the early part of the Hawker Siddeley study it was considered that a common power
plant should be used for both vertical and cruising flight. Figure 14 shows the arrangement of the power
plant which was evolved at this time. The engines are low by-pass ratio turbofan engines with separate
flow ducts. During vertical flight the hot stream is ducted to a free power turbine which is used to drive
the rotor via a reduction gearbox. The cold stream is used to supply blowing air to the rotor via the
cyclic control valve. The power plants in the wing tip nacelles are connected together by cross shafting
and ducting from the cold blowing system. This is necessary to avoid power asymmetries due to engine
failure. During transition as the shaft power and blowing air requirements of the rotor diminish, the hot
and cold gases are progressively transferred to variable area plug nozzles in the base of the nacelles.
At the end of transition all the engine gases leave the propulsion nozzles and the rotor blowing syctem
ard drive system is shut down.
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As the study proceeded it became obvious that this integral power plant system had several
drawbacks. These are as follows:-

(i) At an intermediate transition condition, before the wing begins to generate large amounts
of lift, there is a shortage of power to be shared between the propulsion and lifting
systems. This results in very sluggish transition performance.

(ii) After transition, since the gases are made to leave the nacelle from two separate
nozzles, the hot nozzle produces c,.nsiderable noise which is disadvantageous for
civil applications.

(iii) The free power turbine has to be a variable acceptance design and this produces poor
efficiency and high noise.

I

(iv) The complication of the plumbing associated with the cross-ducting and the various
valves controlling it raise doubts on airworthiness.

9.2 Separate Lift and Propulsion Engines

As a result of the disadvantages listed above,it was decided to evaluate a power plant
system in which completely separate engines are used for lift and propulsion. Such a system was not
considered initially due to the added expense of two power plant systems. However, it was realised that
the expense of the complicated control system of the integral lift and propulsion engine system in
Section 9.1 would outweigh the cost of the basic engines. Figure 15 shows the arrangement of a lift
engine pod for the separate lift and propulsion engine system. In this case the lift engine consists -I a
lightweight lift jet with the exhaust gases ducted to a power turbine. The power turbine drives the rotor
via a reduction gearbox, and also an auxiliary compressor to supply the necessary blowing air. The
propulsion engines for this scheme are separate high by-pass ratio turbofan engines and these may be
mounted either on the wing or on the rear fuselage. The simplicity of this scheme compared with the
one described above is obvious and all the disadvantages outlined in Section 9. 1 are removed. Subseqent
project studies showed that there was no weight penalty due to the use of the extra power plants.

10. HS 803 SHORT HAUL VTOL TRANSPORT

The HS 803 isione of several Circulation Controlled Rotor projects which have been
investigated by Hawker Siddeley. It is aimed at exploiting what are probably the two main benefits to be
derived from Circulation Controlled Rotors. These are low noise and the ability to use existing power
plants with a minimum of special-to-type development. Figure 16 shows the general arrangement of the
Hawker Siddeley 803. The lifting power plants are of the type described in Section 9.2 and consist of
Rolls Royce RB 162, lightweight lift jets driving power turbines. The propulsion power plants are Rolls
Royce Trent turbofans mounted on the rear fuselage. Of particular interest is the extremely low take-off
noise level of 83PNdB at 1, 500 ft radius from the take-off point. This noise level is markedly lower than
estimated noise levels for any proposed VTOL type. The need for a VTOL aircraft capable of operating
into city centres has not been firmly established but it could be that the Circulation Controlled Rotor offers
the only means of producing an acceptable noise level for such an aircraft.

Comparative studies performed by Hawker Siddeley indicate that the Circulation Controlled
Rotor Aircraft carries r.n all up weight penalty of some 10 - 1576 compared with a fan lift VTOL aircraft.
However, it does not follow that this necessarily reflects a similar penalty in first costs, particularly in
view of the modest t•ngine development required.

11. OTHER APPLICATIONS

The Circulation Controlled Rotor is seen as a system which allows the development of
Stopped Rotor Aircraft, and its application to a Civil VTOL Transport has been discussed. The need for
inmmediate development of this class of aircraft seems doubtful and it is of interest to consider what other
applications of the Circulation Controlled Rotor seem possible.

The Stopped Rotor Aircraft possesses characteristics which combine reasonably good
hovering efficiency and moderately high cruising speed. These characteristics would lend themselves to
missions such as Search and Rescue where it is desirable to avoid delays in transit to the rescue area
and then be able to hover whilst effecting the rescue operation. It would seem, therefore, that such A'
application would be an ideal one for the Circulation Controlled Rotor.

As outlined in Section 7, the Circulation Controlled Potor is mechanically simpler than the
conventional helicopter rotor and should therefore require far less maintenance. It should be well suited
to rough industrial and military use. Such applications include a heavy lift crane, and a simple utility
military helicopter. Although these applications exploit the rugged simplicity of the Circulation Controlled
Rotor they would unfortunately demand the development of a similarly rugged power plant.
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12. CONCLUDING REMARKS

Investigations into Stopped Rotor Air aft have in general not been fruitful due to

mechanical problems involved in their design. These problems can be largely overcome by the use of

the Circulation Controlled Rotor. Although a considerable amount of research into the Circulation
Controlled Rotor is required, it does promise to lead to a civil VTOL Transport Aircraft offering extremely

low noise levels and requiring a minimum of engine development. The Circulation Controlled Rotor would

also appear to be ideally suited to applications which require a combination of hovering efficiency and high

transit speed, and to applications where a rugged, simple, low maintenance helicopter is required.
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FIELDS OF APPLICATION OF JET FLAPPED ROTORS

by

M.Kretz
Chief Engineer

Giravions Dorand
Suresnes, France

SUMMARY

The jet-flap rotor has the advantage of reducing weight and complexity by integrating
rotor lift. rotor drive and rotor control at the source of aerodynamic lift on the outboard
parts of the blade. Under these conditions, two-blade fixed-pitch rotors may be used for
forward airspeeds in excess of 250 knots. Lift control, which in our case includes multi-
cyclic components, modulates the aerodynamic force, thereby considerably reducing blade
alternating stresses and rotor vibration. Experimental confirmation of theoretical studies
was obtained from the tests effected in the 40 x 80 foot wind tunnel at the Ames
Research Center on a jet-flap rotor of 40 feet in diameter.

Analysis of the field of application of the jet-flap rotor shows that the cost-effec-
tiveness of this technique is extremely good when applied to heavy helicopter and stop-
pable rotor designs. Comparison with equivalent mechanically driven heavy-lift rotorceaft
shows empty-weight gains of 30 to 40%. Initial cost gains for these vehicles is even higher,
approaching 50%. The feasibility of an aircraft having a 0.85 Mach number capability and
possessing a stoppable and stowable non-folding two-bladed rotor h~s recently been
established.

The weight analysis in this case also demonstrates the attraction of the jet-flap
concept, which combines the features of both low weight and low cost, with a long
duration hovering capability. The jet-flap rotor thus makes it possible for the same air-
craft to have the high airspeed characteristics of a modem airplane coupled with the low-
speed advantages of a helicopter.

When appruaching the subject of advanced rotors in general and jet-flap rotors in particular, it is seen that an
analysis of the sihuation has both scientific and technical aspects, often mingled with elements of a philosophical
and psychological nature. When replying to the question why have jet-flap rotors not yet taken their place amongst
the many rotary wing applications for which they are particularly well suited, one feels that technical reasons alone
do not suffice. Thus it would appear useful at this AGARD meeting to try to draw a lesson from the past in order
to approach the future better. Our Company first obtained contracts on blown rotor applications twenty years
ago. During the years 1954 and 1956, two scaled-down jet-flap rotors were tested in the ONERA wind tunnels
and very encouraging results were recorded. These results justified the construction of a rotor of practical dimen-
sions, having a diameter of 12 meters, designed for effecting tests over a wide experimental range (Fig.I). This
and subsequent works were effected under French and American contracts, to which the following organizations
contributed: the Service Technique AMronautique (STAd), the Centre de Prospection et d'Evaluation (CPE), the
US Army, TRECOM, AVLABS and NASA through its Ames Research Center (References 1, 2 and 3).

The 12-meter rotor, designated DH 2011, was projected in 1959. It underwent its first whirl trials in 1964,
and in 1965 it was tested in NASA's 40 x 80 foot wind tunnel at Ames. The results obtained have fully demons-
trated the effectiveness of this formula. Work has continued, and a new program executed in the Ames 40 x 80
foot wind tunnel in 1971 has proven the soundness of our forecasts.

In the mean time, between the earliest wrk and the last test program, twentv years have gone by, a period
which, if surprisingly long, is explained by the modesty of the appropriations for developing this technique. Indeed,
if we take a look at the hours of work expended in this field, we are surprised by the importance of the results
obtained: 200,000 hours, which corresponds to an aierage of 5 people. This effort has allowed the construction
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of three rotors and the execution of four wind tunnel test programs. It covers, of course, all theoretical and prac-
tical studies effected to date and has enabled us to accumulate valuable experience, which is most promising for the
future.

If we now look at evolution in the field of helicopters, we can see that the techniques applied over the last twenty
years are reaching their limits. The diversity of new projects prove this, as do recorded performances: world records
have not jumped sicu Sud-Aviation's Super-Frelon flew at 190 knots in 1962. The latest progress has been the intro-
duction of the gas turbine as a power plant. In the prezent state of affairs, any evolving technical progress demands
and will demand efforts in work and cost out of proportion with gain. This evolution can be summed up by the graph
shown in Figure 2, where it is seen that the performance obtained for a given technique of new concept increases
rapidly at the start and then levels off asymptotically, tending towards limiting values. These curves resemble the
learning-curves for a man when learning to execute a given task. In their general form, these curves regulate all human
progress and inflexibly remind us of the difficulties we must overcome to establish new working principles and the
difficulties by no means neglibible, even if the new concept is of great value, we have in putting to one side well estab-
lished techriques and breaking with old habits. The psychological aspects hidden behind these curves are far-reaching
and we feel them each time a new problem is put to us. We are ever divided bet,.-.,=.w the desire to do better and the
necessity to make a halt, a period of rest and exploit what has been achieved. As much as VTOL needs are great, we
feel that the present helicopters, with their gas turbines, mechanical transmissions, mechanically controlled blade pitch
and multi-blade rotors, hinder progress considerably. The weight-to-price ratio compared with that of fixed-wing
aircraft is still very high and it is here that exists the brake to all technic ' progress concerning rotors. Reducing
this ratio is both the target ant criterion of present and future VTOL development (Fig.3).

The reasons which lead us to believe that the use of a system comprising a jet-engine as a source of compressed
gases, a pneumatic power transmission and a two-blade rotor controlled by jet flaps, is likely to revolvu.ionize rotary
wing techniques, are many. They are discussed further, but let it ba said straight away that an overpFl advantage
appears when analyzing this technique: the empty weight and consequently the acquisition cost of jet-flap rotor-
craft are notably less than thcse employing mechanical systems. Let us quote a few figures. If we look at the
weight-to-thrust ratio of the lifting power plant, comprising the power source, power transmission and the rotor, it
is seen that it is of the order of 7 in our case, a very high value of jet engines. This ratio is much lower for
mechanical systems, where it is between 4 and 5. It should be noted that the lift power plant, which differentiates
mechanical systems from jet-flap systems, represents a major part of equipment cost. Comparisons made with
mechanical systems give a first indication that for a variety of missions the price ratio between mechanical and jet-
flap systems is of the order of 2. The high value of this ratio shows the considerable opportunity for reducing
equipment cost. This result is, from another point of view, not surprising when it is recalled that for a given power
output, a simple jet engine costs half as much as a turboprop engine.

Overall advantages of light weight, simplicity and low cost produce a large number of basic advantages charac-
terizing jet-flap craft (Fig.4). The jet-flap rotor is fixed pitch, which is a structural advantage dominating this type
of rotor and is unique amongst rotary wings in general.

Together with the possibility due to blowing of using two-blade rotors for obtaining high forward velocity,
this rotor avoids the present hub and blade-root complications. The difference with conventional systems recalls
that between fixed and variable pitch propellers. From the aerodynamic point of view, the jet-flap possesses the
property of being able to vary lift very rapidly up to high harmonic frequencies (Fig.5). Trailing edge blowing,
which we use, has been the subject of many studies in France (Ref.3) and the United States (References 4 and 5)
and is now well known, In forward flight, the aximuthal variation in jet-flap deflection is obtained by a multi-
cyclic control system. This ability to vary lift forces according to a desired law enables the level of vibration trans-
mitted to the fuselage and blade stresses to be considerably reduced. It is simply because of this ability that two-
bladed helicopters can be envisaged for forward speeds of 250 knots. The possibilities of stress and vibration
reduction using multicyclic control have been demonstrated experimentally this year, and to our knowledge, for
the first time, by the DH 2011 rotor, and a large volume of analysis work is presently under way. These latest
results will be published by NASA in the near future.

Moreover, rapid lift variation may be usefully employed in the case of transient coi ditions such, for example,
as during the stopping of a rotor, when the feedback channels enable forces operating on the blades to be measured
precisely and continuously.

In addition to its structural simplicity, the fixed-pitch, jet-flap rotor has other advantages: it eliminates the
danger of aeroelastic vibration and enables rotors of low solidity to be used. In most cases, the average lift coeffi-
cient is close to 1, thereby enabling blade surface to be decreased by at least half compared with unblown rotors.
Furthermore, the fact that the jet exhausting from the trailing edge induces a region of very low pressure, similar
to that at the leading edge, displaces the aerodynamic center from the quaiter-chord point towards the middle of
the chort, enabling the blade to be balanced much nearer the trailing edge, whence considerable saving in blade
weight. It should be noted that the Dl1 2011 rotor blade has its center of gravity at the 35% point of the muean
chord and has never shown any signs of aeroelastic instability.
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It is further obvious that jet-flap rotorcraft do not need a tail rotor. Since the rotor is free in rotation, its
rpm may be optimized for each flight configuration. Aircraft of this type can easily perform jump take-offs in
cases of overload or high ground altitude.

From the point of view of performance, the jet-flap rotor, compared with unblown rotors, enables helicopters
to reach high vertical acceleration at high forward speeds. This advantage comes from the fact that the high-lift
capability increases as the power supplied to the rotor increases. Let us take the example of a 4-ton tactical
support helicopter, designed to fly at 250 knott (Fig.6). This helicopter is capable of executing a 60' - bank turn
at 200 knots, producing an acceleration of 2g. Figure 7 shows the general tendancy of load factor variation in for-
ward flight. The shape of this curve is similar to that for power in forward flight. This characteristic differentiates
tCe jet-flap rotor from conventional rotors, whose performance falls off with forward speed.

The ability of modulating blade lift whilst moving round the rotor plane, associated with its high-lift charac-
teristics, enables rotor speed limits to be pushed back and to envisage helicopters flying at 250 knots. This charac-
teristic is of additional advantage in carrying heavy loads, whatever their weight. Ve can quote here the example
of an application which shows a difference of 2 to I in cost effectiveness between cosiventional means and a jet-flap
rotor configuration (Ref.6). It concerns an automatic radar o'bservation platform, which carries a 1700 kg load at
an altitude of 7000 meters for 5 hours in the hover (Fig.8) From the aspect of layout, the generator is placed
vertically in the axis of symmetry of the vehicle. The payload is distributed around the engine in the spherical
nacelle. A spherical shqpe was chosen to reduce aerodynamic forces and perturbations due to rotation.

The project leads to a vehicle total all-up weight of 5400 kg and an empty weight of 1530 kg, only 28.4% of
the all-up weight (Fig.9). The ratio between the maximum lift at ground level and 1he combined weight of the
rotor, power transmission and power plant is 7.3. This ratio, as already emphasized, is remarkably high for a heli-
copter rotor. The rotor is two-bladed, with a loading of 24 kg/sq. m. The platform is powered by a bypass engine,
the SNECMA/TURBOMECA M 49 "Larzac", operating as a gas generator with a maximum pressure ratio of just
under 1.9.

The cost-effectiveness analysis of this project shows that a platform with mechanical transmission would have 1
cost 90 to 100% more than the jet-flap rotor platform. This cost saving aspect is not limited to this particular
case. General application studies (Ref.7) show that light weight is the predominant characteristic of helicopters,
and especially of crane-helicopters, fitted with jet-flap rotors (Fig 10).

The crane-helicopter has been the subject of many studies in Europe and the L i.ted States and abundant
literature exists. Without quoting a case of application, it is desirable to dissipate a number of misunderstandings
and a certain mistrust surrounding tip driven rotors in general and jet-flap rotors in particular. This mistrust con- .1
cerns power transmission and the resulting fuel consumption. In order to do the job properly, one should judge
aircralt in a comparative manner for well defined missions, which until now has never been done with sufficient
objectivity as long as the starting hypotheses upset the results and final conclusions (see Reference 8 for the diffi-
culties encountered in making comparison studies). Here, we shall limit the discussion to the power losses between
the isentropic power at the gas generator outlet and the equivalent mechanical power obtained at the rotor. This
loss is essentially due to the total pressure loss (neglecting the loss due to ejection of kinetic energy, the aspects of
which are generally well understood) and may be defined by a single parameter, KT , equal to the difference bet-
ween the total pressures at the gas generator and ejection nozzle, measured on a stationary rotor divided by the
dynamic pressure in the blade. Coefficient KT has the advantage of depending essentially on duct geometry,
such as, for example, the coefficient of aerodynamic friction drag. Experience has shown that considerable effort
inust be made to r',duce this as far as possible by exhaustive test programs. The importance of internal aerodyna-
mics is similar to that for all jet engines. Naturally, in a case of real application, the internal losses would to some
extent exceed those given by coefficient KT , there being added principally the losses due to cooling and the per-
turbations created by the rotor. However, coefficient KT is very useful when analyzing losses and constitutes a
quality criterion for all tip driven rotors. Appreciation of the sensitivity of the transmission system to pressure
ratio variation is much easier with this coefficient. There is indeed close correlation between KT and the power
availatle for lifting the craft. In Figure 11, it is seen that for constant iNentropic power produced by the gas
generator, in this case by a fan engine, the power available to be absorbed by the induced velocity, therefore

power proportional to lift for a given rotor diameter, has 3 marked maximum for a given KT . A difference in
pressure ratio, even very small, severely affects power transmission ciliciency. We see here the first problem of
correctly matching a jet driven rotor. The second difficulty in obtaining high performance is due to the sensitivity
of the internal geometry to the local value of coefficient KTe (Figure 12, Reference 9). This figure shows to what
extent the local coefficient due to a duct bend can change the value of the losses and constquently rotor matching.

Our experience with cascade in the outboard part of the blade (Fig. 13) shows that a coefficient KTe = 12%
of the dynamic pressure can be obtained in this case, with very carefully defined cascade shapes derived from a
series of tests requiring considerable time. In general, 90* bends with a total pressure loss of 12 to 15% can be
made, but the configuration of the whole of the circuit conmprising several internal bends requires detailed experi-
mentation. The third difficulty arises from the generator itself, whose pressure ratio and gas temperature must be
chosen with precision to obtain the required performance. There is no doubt that these three difficulties closely
condition jet driven rotor performance. If, however, suft-,cient research and development effort is deployed, real
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power transmission efficiencies can attain the theoretical values mentioned above. Thus overall transmission coeffi-
dents of 71% in the case of the radar platform and 62% in the case of a stoppable-rotor helicopter, dealt below,
can be obtained. It should further be emphasized that writers not in favor of tip driven rotors often speak of
pressure loss "compensation" by the centrifugal effect of the rotor. This hypothesis, which has no physical grounds,
would, if true, fundamentally destroy any project, since it is equivalent to limiting the transmission efficiency to
50%.

The VTOL stoppable-rotor aircraft is the third example illustrating the field of application of jet-flap rotors

(Fig. 14). The project presented here is a particular case of projects effected under contract for the Centre de
Prospective et d'Evaluation (CPE). corresponding to a VTOL craft with a stoppable and stowable rotor (Ref. 10).
This example is characteristic of most craft of this type. In this case, the rotor is used for short periods during

flight for take-off, approach and landing. Maximum speed at ground level is Mach 0.85 without reheat. For a
tactical mission, the aircraft has an operational range of 1 000 km with full internal tanks and in a ferry configura-
tion, can cover a distance of 4500 km. In its role, the rotor is very different from that of a helicopter. Although
lift in the hover state and at low forward speeds is provided by the rotor, the aircraft is controlled in pitch and yaw
by means of compressed air jets through swivelling nozzles. Control in roll, however, can be effected by the rotor.
The rotor is placed very close to the fuselage and is servo-controlled so as to remain in a fixed plane. Flapping
angle, for gusts of up to ± 10 m/s, does not exceed ± 1 during the rotor stopping phase, which occurs at 70 m/s.
This stopping phase is very short, taking 7 seconds. The rotor is stopped by reversing the jet ejected at the end of
the blade. In this particular case, the jet flaps occupy 50% of the blade radius and use 30% of the flow transmitted
to the rotor.

The power source is the same for the aircraft and the rotor, the gas flow being directed either to the rotor or
to the rear nozzle for aircraft propulsion by means of a diverter valve. In the project presented, the aircraft is
essentially subsonic, but supersonic projects are being studied. In general, the stowable rotor technique seems parti-
cularly well adapted for configurations requiring an engine thrust to total weight ratio of 0.3 to 0.7. It should be
noted that the noise level of jet-flap rotor aircraft is reduced by slotted nozzles and that the induced velocity of
20 to 25 m/s, corresponding to a rotor loading of 100 to 150 kg/sq. m, allows all-terrain operation without danger
of erosion.

From the point of view of its configuration, the aircraft is designed for tactical support, with an added lift
rotor. It is to be noted that the rotor part corresponds to a comparatively small fraction of aircraft volume and
weight. Thus the elements corresponding to rotor lift occupy 10% of the aircraft volume and constitute 9% of the
total weight. In the version studied, the all-up weight is 12000 kg, dividcd as follows:

A Airframe 4155 kg

B Power plant 790 kg

C All-mission installation 1730 kg

D Particular mission installation none

E Crew 85 kg

F Fuel 2280 kg

G Variable loads 1860 kg

H Rotor 1100 kg

Total weight 12000 kg

It should be noted that the lift system, comprising the power plant B and rotor H , has a thrust-to-weight
ratio of 6.35, a ratio rarely attained by jet engines. According to the weight break-down, the empty weight of the
aircraft is 6775 kg and the payload 5225 kg, giving a payload-to-total weight ratio of 43.5%.

The three examples quoted show that the field of application of jet-flap ro,.Jrs is very wide, covering the whole
of the helicopcer domain. The cases mentioned correspond to those where the use of a jet-flap rotor is most
appropriate from the point of view of its cost-effectiveness advantage over existing projects or projects being studied.

By combining lift, propulsion and lift control in a fixed-pitch two bladed rotor, the jet-flap rotor, associated
with a jet engine as power source, constitutes a particularly light weight, simple and low-cost assembly, which
enables helicopters to fly at higher forward sr.eeds and to lift heavier loads, thereby exceeding the present speed
and weight limits. Its light weight and smaller volime, iogether with the flexibility of aerodynamic force control
by means of jet-flaps, enables it to be stopped in flght and stowed. Thus in the extreme case, its characteristics
associated with those of fixed-wing aircraft can produce a new generation of stoppable and stowable rotor VTOL
aircraft, where the helicopter and fixed-wing aircraft coexist efficiently in the same vehicle.
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Fig.lI DH 2011 rotor in the NASA's Ames 40 x 80 wind tunnel
Rotor DHI 2011 dans la soufflenie 40 x 80 d'Ames, NASA
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CHARGE UTILE PAYLOAD 1700 kg

MASSE TOTALE GROSS WEIGHT 5400 kg

MASSE A VIDE EMPTY WEIGHT 1530 kg

NOMBRE DE PALES No OF BLADES 2
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PLENITUDE SOLIDITY 6.75%

PROPULSEUR ENGINE SNECMA/TURBOMCCA: M 49
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DURCE DE LA MISSION MISSION TIME 5h

Fig.9 Radar surveillance platform
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RESEARCH AND DEVELOPMENT ON ROTORS WITH TIP REACTION DRIVE IN GERMANY

by
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GERMANY

SUMMARY

This paper reports upon the German activities on cold, hot and mixed cycle tip jet propulsion
for rotors. Research and programs at Messerschmidt-Btlkow-Blohm on cold and large mixed cycle
systems are described very briefly in order not to repeat what hos already been said in former
publications (see references). At Dornier studies and project work were directed to realization
of a new rotor technology ducting hot gases of 7000 centigrade through the rotor head to the blade
tips with optimum efficiency. At VFW-Fokker the H3 conducts preliminary flight tests. This com-
pound project shows a configuration, where the engine produces compressed air to drive the rotor .

in hovering and low speed flight. In cruise mechanically driven shrouded propellers provide the
necessary thrust while the rotor outorotates.

For both projects some results of component testing resoectively flight tests are discussed.
Aspects of the flight mechanics as decoupling of movements in hovering and advantages of wide
rpm-range are shown.

Concluding remarks on the operational applicability and new missions favoring torquefree
rotor drive systems are added.

1. INTRODUCTION

Out of the total of today's flying helicopters more than 90% are of the single main rotor/
tail rotor configuration.

One should appreciate the usefulness of the advanced types in operation and the ingenuity of
mechanical and electronic engineering to their continous improvement. However, the small helicopter
in particular is still extremely expensive compared to fixed wing aircraft of corresponding size.
The large number of rotating parts cause high development cost and maintenance effort. The direct
operating cost of a four seat helicopter amounts to approximately three times that of a four seat
fixed wing aircraft. The rotor suffers from inherent instability in hovering flight and coupling
of movements around all axes with the vertical in hover. Customers and engineers agree upon the
desireability of improving vibration levels, noise levels and reliability of the complex machinery
and many other features of present day helicopters.

As old 03 the helicopter is also the idea of reducing thus- problems by avoiding the need
for anti-torque devices or at least their use to produce lift, thus providing a better ratio of
useful load to gross weight, that is more economic use of the power i,,stalled. Mechanicolly compli-
catcd dc:ign: such as tandem twin rotor, intermeshing or coaxial types are still flying and proving
themselves. However, the blade tip propelled rotor had only temporary success through the production
of almost 200 Sud-Aviation Djinn tvo-seaters 15 yeors ago. Many other proje-ts have been prototype
tested and interrupted or abandoned.

In our opinion the main deficiency causing tip reaction projects to disappear was lack of
available technology. This, fox example, refers to the nonavailability of proper engines, suitable
5onding materials and procedures, lack of experience in handling high temperature gases and ducting
them through the rotor head to the blade tips.

2. BASIC REMARKS

One of the most discussed inherent handicaps of the blade tip propelled rotor is the poor
propulsion efficiency. ThLs is true jlsc for the cold, mixed or hot cycle systems where .he work.ng
gas is prndvced b) a., engine inside the fuselage and expanded at the blade tir3 thus using the
rotor as the power turbi..e. Of tip jet drives these configurations seem to be the simplest ones
and closest te become operationally realized. These systems are the subject of the following



We distinguish between the so called cold, mixed or hot cycle pneumatic rotor drive systems.

For the cold cycle en engine driven compressor delivers pressurized air up to about 2000 centigrade.
In a mixed cycle low pressure cool air from the fan will be mixed with the hot exhaust gases from
the turbine not yet fully expanded, temperatures ranging from 2000 to 4500 centigrade. Hot cycle
drives use up to 7500 hot gases coming directly from the pure gas generator part of the engine.

Looking at the properties of such propulsion systems compared to the conventional geared
drive it can be said:

- Poor propulsion efficiency, high power installed required.

- Heavy weight rotorblades and rotor hub; large, thick blades need servo control.

- High rate of descent in autorotative flight and forward speed restricted due
to aerodynamic drag of rotor and rotor head.

- Yaw control problems.

- High noise level of tip jets.

However:

- Nc gear boxes, shafting, clutches or anti-torque rotor required; minimum
lubrication and oil cooling systems.

- Extremely wide rpm-range, favorable for storing kinetic energy and better adjustment
to forward velocity, atmospheric and altitude conditions.

- Inherent ontiicing of the rotor.

- Good hovering stability with complete decoupling of yaw and vertical control from
pitch and roll motions.

- Good handling qualities in general.

- High ratio of useful load to gross weight.

- Reduced maintenance; minimum of rotating parts result in higher availability and
reduced cost.

Of course this fragmentary list does not cover all the numerous aspects. It is necessary to
carefully investigate how for disadvantages could be minimized, or suppressed, advantages optimized
and contradictions eliminated. During the past decade several steps in this direction have been
made in Germany by MBB (Hess6rschmidt-B~lkow-Blohm), VFW-Fokker and Dornier AG trying to use the
benefits of modern technology and advanced turbine engines for tip reaction rotors.

3. PROGRAMS

All three Componies started off with cold cycle jet rotors. MBB tested a 4-m-diameter twobladed
rotor, then went to mixed cycle systems for very large units. Fig. 1 shows a 31-m-diameter rotor
producing 35 metric tons of thrust, driven by a General Electric GE CJ 805-23 which was an aft fan
version of the CJ 805. This engine produced 160 to 180 m3 of gas per second at a pressure ratio
of 1,6 to 1,7 and a temperature of approximately 2200 centigrade. Since no military requirements
existed for such big cranes no funds were available for a follow-on program. There is sufficient
literature available on these research projects.

Dornier in the early sixties developped a single seat helicopter based upon the cold cycle
system. Compressed air of 1250 centigrade was produced by a turbine driven compressor equipped
with a controllable variable inlet vane. A number of fundamental studies directed at im,rovement
of propulsion efficiency and technological possibilities led to an order to build three experimental
Do 132 helicopters 2 1/2 years ago. This in a hot cycle five seat test vehicle which, dependent
upon the results of the test program, would have allowed to derive a production version. A mock
up is shown in fig. 2. First flight of the aircraft was planned for the spring of next year.
However, the present financial squeeze interrupted the program at the beginning of this year.
Do 132 data are given in Table 1.

Dornier concentrated on substantiation of a new technolog) to duct 7000 centigrade hot gases
through the rotor head to blade tips where they are expanded through cascade nozzles. To back up
theoretical predictions a test stand rotoz has been built very early in the program. The two year
test program is almost finished. It's results show that the problems related to ducting hot gases
have been mastered and tha+ a significantly higher thrust is developped for a given blade angle
and power than ontiripated. This will be discussed later. Completed O'sign work anu analysis of
parts show higher weight of the dynamic system than projected, but rience and redesigii will

1ohm



bring them back to target weights.

There is a developping market for unmanned tethered rotary wing drones where a derivative of
the cold cycle Do 32 fits the requirements. Since the fuel can be fed to the drone via the cable
from a ground station, the low propulsion efficiency of the system is no longer critical. This
system brings the advantages of good stability in hover and particularly those of a torquefree
rotordrive system. As a first step at Dornier a prototype Do 32 has been modified and equipped
with remote control. The finalized system, the Dornier "Kiebitz" is illustrated in fig. 3. This
project is now entering the development ohase for an operational unit based upon military require-
ments with first deliveries planned for 1974/1975.

VFW-Fokker decided to investigate advanced configurations to avoid development of new
technologies. Appreciating the undoubted trend towards higher speeds the system analysis resulted
in a compound configuration based upon well known components. Yý incorporates a cold cycle rotor
for hovering and low speed flight and a high efficiency -echanical power transmission to separate
forward thrust producers for cruise and high speed flight, while the rotor autorotates. Basic
philosophy is: A typical small helicopter needs about .2 hp per kg weight for hovering. This power
permits a forward speed in the order of 130 kn. To raise th-i speed to 180 kn requires compounding
and power installed of at least .4 hp/kg, see fig. 4. With such power installed a cold cycle drive
can easily match today's standard of helicopter hovering performance. The benefits, simplicity,
rpm-variability over a wide range and favorable handling qualities, can thus effectively be used.
The high fuel consumption is unsignificant, because, according to statistics, only 5% of the total
flight time of helicopters are flown in this regime. The main prublem, hence, was to design a 4

proper blade for high forward speed, autorotation and at the ?ame time for tip jet propelled low
speed flight.

A laminated 15% thick blade was built with duct area to airfoil section area ratio of .7.
Initial whirl test stand trials were performed with a 6-m-diameter rotor and the same rotor was
then tested on a single seat test bed H2. Positive results encouraged VFW-Fokker to plan their
H-series compound family. First step was to realize the H3, fig. 5, a small, comparatively slow
compound. Its basic data are listed in Table 1. A three bladed fully articulated rotor is used
for producing lift, two shrouded propellers aside the fuselage center section provide forward
thrust.

First flight was made in summer 1970, three years after commencing the program, At this time
the selected engine was not yet available. Thus it flew with less than 70% design power. Maximum
weight lifted vertically in a dynamic take-off was 800 kg. Correlation of rotor thrust predicted
and measured was adequate with flight handling qualities as good as flown by the same pilot on the

Sikorsky research flight simulator. The project also ended up with a higher empty weight than
anticipated due to the aerodynamically refined airframe and the diverter gearbox between engine,
compressor and fans. At the present the originally intended Allison 400 hp 250-CU0 is installed.
It is now hoped to soon complete the first test phase in a pure helicopter configuration with fans
removed, fig. 6. Planned as production model is the H4, a five seat helicopter. Studies have also
been made for a twin engine five seat compound, tne H5, a mock up of which is shown in fig. 7.
These projects suffer from the same financial problems as the Do 132 projedt.

4. SOME DETAIL RESULTS

Studies and egperience at the three Companies have shown that optimisation of the numerous
parameters influencing the overall propulsion efficiency of tip reaction drives lead to a best
pressure ratio of 2,2 to 2,7, fig. 8. One of the main variables effecting this efficiency is blade
chord and ratio of duct area to airfoil section area by a specific design.

A real surprise was the substantially higher thrust measured on the Do 132 rotor as compared
to the prediction. After repeated recolibration of the test rig equipment the values were confirmed.
Correction for around effect and recirculation influence were again comprehensively investigated
with refined theories anu accompanying measurements in the surroundingsof the rotor. This also could
not explain the difference. A separate test program %)f this phenomenon was supported by the Federal
Ministry of Defense. This program is not yet completed but some results can already be discussed.

Fig. 9 shows the thrust coefficient CT versus rotor angular velocity omego,w , see dashed
lines, as computed by the usual means. The measured proportionality oi CT-increase and rotational
speed matchei the increasing nozzle efflux speed and flow. This favores the theory of some kind
o0 tip vortex and therefore circulation control around the blade. It should be interesting to know
if a similar effect was found with the XV-9 rotor by Hughes.

Anticipated efficiency was 32% for the H3 rotor, 36% to 38% for the Do 132 dividing ne' rotor
power avoilable .y gas horsepower behind the gas generator. Conventional rotors show a comparable
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efficiency of 72% to 75%. With the aforementioned thrust increase the propulsion efficiency of

the Dornier rotor climbs up to a good 50%. This means the rotor could easily lift a gross weight

of 1 900 kg at an empty weight of 900 kg based on the actual weights of the [)o 132.

Analysing the weight breakdown of the Do 132, fig. 1U, it can be seen that the engine weight
is 87 kg. The some PT6 with power turbine and shaft gearbox has a weight of 131 kg, that is 50%

more. Also the gas generator alone is 20% less in price. The entire dynamic system weighs 20% of
the present (strcturally limited) gross weight which compares to an average of 25% for the geared
helicopter. This together with the lack of gearboxes, tail rotor and shafts and the corresponding

decrease in maintenance and cost should more than compensate for the more complicated rotor and

rotorhead construction.

Characteristic internal stresses, gas ducts, blade tip nozzles and corresponding blade nose
balance weights in all the pneumatic rotors resulted in a blade heavier than usual, with lock
numbers 2/5 to 3/5 of conventional shaft driven blades. This almost suppresses higher harmonics
in forward flight thus reducing flapping and lagging motion. Even small hinge offset as in the

H3 gives excellent control response and c.g. range. Hovering stability is positively affected not

only by the rotor mass but also by the high rpm possible.

A time history of pitch movement is shown in fig. 11 for both the Do 132 with a teetering
but heavier rotor and the H3 with a 2% flapping hinge offset after a step Input. Flight test

confirmed the predicted favorable behavior.

Simulator results indicate the decoupling of longitudinal, yo, and vertical motions. However,

yaw control in hovering is still a problem as long as Mil-H-8501, requirements have Wo be met.

Both projects work with yaw nozzles at the tail steadily consuring bleed gas from the main rotor

supply, thrust being vectored according to the pedal defintion. The H3 adds additional torque by

also vectoring the residual thrunt of Lhe engine which reduces power required for yaw control to
3%. For the Do 132 the 5% power drain is increased to 10% for higher yaw rates when one of the

pedals is put to the stop. Here the simulator runs show only minimum coupling to the vertical
movement for a short full control step input due to the high inertia of the rotor. However, this
slight coupling occurs oniy when the engine is running at maximum power. Otherwise the rpm

governor will automatically adjust the engine power to the additional bleed. Both types meet

AGARD 577 requirements for yaw control of VTOL aircraft.

In forward flight the fixed wing aircraft type tail surfaces provide good directional and
longitudinal stability and more than sufficient yaw control.

Now a few words regarding the available rpm-range. As already expe:ienced with the Do 32
helicopter the high rotor inertia and wide rpm-range reduce the critical area in the height-
velocity diagram - the so called dead man's zone - considerably. This property was intentionally

developped in the later designs of VFW-Fokker and Dornier AG.

For the geared rotor drive engine torque is an essential parameter. The rotor should be

governed at a definite rotational spefl as accurately as possible in order to draw the maximum

power out of the engine and transmit it to the rotor by mechanical means. Even with the flexible
tu:binc engine of today the shaft torque has tolbe kept below a certain limit. Thus a speed drop
of the rotor also means corresponding loss of power available from the ingine at lower turbine

speed. For the pneumatic drive, however, ever it zero rotor speed the engine can be put to full
power, producing a substantial thrust at the lade tips and thus accelerating the rotor very fast

to operating speed. Fig. 12 illustrates this for the H3. Power required and dffective power

available at the rotor match for a distinct engine power setting and given weight. For example at
750 kg, a tip speed of 130 m/s and 130 blade pitch as well as at 205 m/s and 6,30 blade pitch. Ot

course the power required curves - solid line - remain the same if a shaft drive would be applied:
However the power available drop, due to shaft torque limitation and increasing ppwer losses in

the free turbine, would follow the dotted line.

For safety considerations the pilot will start for example hovering at a high rotorspeed with
low pitch setting. By rapidely pulling the collective to a 130 position and leaving it there he
can perform a dynamic toae-off coming to a hover again at a higher altitude. Thrust for a short time
almost doubles,. Based upon the restricted preliminury flight testing of the H3 a dynamic altitude

difference in the order of 50 m should be possible. Moving the collective slowly down again the
rotor vill accelerate without loosing thrust as seen from the small available excess power - shaded
area.

In summary the storage of kinetic energy not only reduce6 the critical height-velocitiy area,
but also allows the unloading of the pilot from constant rpm monitoring. Safe excess power is

available to climb out or accelerate to forward speed very fast under adverse conditions. Similarly

for outorotational landings safety is added and pilot skill requirement lowered.

I N



Thb slope of the power available curve versus tip speed is approximately proportional to the
propulsion efficiency of the blade tip nozzle somewhat flattened by the lower secondary losses
at lower speed. For the Do 132 the slope of the power available curve is slightly steeper resul-
ting in a smaller rpm-rcnge. However, this is compensated for by the higher moss inertia of it's
rotor. In the Do 132 an additional speed governor has been developped to make it still more
comfortable for the pilot. Inputs for this governor are rotor speed and exhaust temperature of the
gas generator. A PID amplifier adjusts the fuel control according to the pilots rpm setting over
an electro-pneumatic servo. The pilot needs only two power settings and has the choice of 405 rpm
for dynamic take-off or 325 rpm for optimum hover and forward flight. Similarly the H3 pilot at

the present can use an rpm range from 300 to 425, and an optimum hovering rpm of about 360 with
280 to 480 rpm available with the 400 hp engine.

As far as future compound configurations are concerned the hot cycle rotor drive offers a
very easy and highly effective meth-d for smooth power distribution. Power can be put either
directly to the rotor or partially or completely to a turbine driving fans, shrouded or regular
propellers etc. Advanced design studies directed towards n rotary wing rccovery device for drone
aircraft have shown that for a hot cycle rotor a blade with 15% thickness is feasible. Together
with the results of the diverter valve studies it pnves the way for a very uncomplicated, safe,
lightweight and effective compound helicopter propulsion system. VFW-Fokker built a diverter gear-
box for this purpose and also had the transition phase investigated by Sikorsky on thc(ir research
flight simulator. A smooth and easy transition procedure was obtained. Fig. 13 shows one of the
computer plotted simulator flights. With less forward acceleration and unchanged stick position
the 30 ft altitude loss is avoidable.

5. MISSION CAPA3ILITY

Evaluating the missions for which the pneumatic rotor drive is best suited, work done in the
recent years permits to state that it's applications are not limited to heavy crone helicopters.
For small helicopters the hot cycle, and if a 10% to 20% efficiency improvement is possible also
the cold cycle, could supplement not replace the geared helicopters. Furthermore in commercial
application a 15% to 20% cost reduction favores the concept, since the higher fuel consumption
has a minimum effect on direct operating cost, fig. 14. A 50% higher fuel consumption would raise
the D.O.C. by only about 3% or less. A 10% reduction in initial cost reduces direct opezating cost
by at least 20%. And this amount of cost reduction is possible today, with our present experience
and available technology.

For larger helicopters for example designed for airline commuter service, the annual utilisotion
has to be so high that the higher fuel consumption form3 a much bigger part of D.O.C. Thus in thir
case it becomes a matter of weighing the secondary odvantageiagainst this increase in D.O.C.
Military use may also be somewhat hampered by the fact that usually the airframe plus engine is
only part of the system which proportionately cuts the price advantage. However, the flight hand-
ling qualities and maintenance aspects as well as a probable higher availability and easier training
might favor a tip reaction system. Finally it has to be taken inito account that new applications
of rotary wing aircraft in general arise with new systems. Therefore this brief survey should end
with a glance to the Dornier drone thelicopters.

6. NEW MISSIONS

As mentioned previously the present development of an unmanned remotely controlled tethered
rotor platform was derivoted from the Do 32 helicopter, fig. 15. In 1964 the Do 32 U, fig. 16,
flew for the first time. Here the pilot was replaced by a couple of black boxes. Successful tests
resulted in the final concept "Kiebitz" as shown in fig. 3 before. The basic idea consists in
stabilizing highly sensitive sensors above ground or sea for a longer period of time. Horizontal
air mobility which would have permitted to fly over enemy territory was deliberately abandoned in
order to keep the rotor platform outside the range of fire of hostile ground troops or ships.
A mobile ground station allows the rot'%r platform to be quickly displaced.

Airb'rne platform and ground station ore connected by a cable. An expensive flight governing
and guidance system is therefore not required. The tether, fig. 17, contains the fuel line as well
as the wires for control and sensor sigrils to be transmitted from the ground station to the plat-
form or vice versa.

Fig. 18 demonstotes the simolicity of the operational "Kiebitz" due to the torquefree colc
cycle rotor djive system. A welldd framework is devided into two conrpartments by a fire wall,
faired with cn easily remeoble nonstructurol housing. The upper compartment contains controls,
governor and systems as %ell as internal components of sensors. Below the iorizontally arranged
fire wall the engine with accessories and the yaw nozzle are located. Air intake is orrarged
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around the rotor hub to separate it as far as possible from the exhaust gases, at the same time
cooling the electronic compartment. Sufficient cooling of engine oil is obtained by a tube cooler
wound around the engine air inlet. Sensors usually will be attached to brackets at the outside.

Table 2 shows a summary of missions and sensors for an elevated platform. The five principal
missions ore survsillance and reconnaissance, communication, fire control, ECM and navigation.
The corresponding sensors are based on optical, electromagnetic or acoustical means. Fig. 19
indicates that most oF the mission requirements can be met with a small rotor platform now under
development. The performance is summarized in table 3 according to specifications of the customer.
For the heavier payloads a similar device is under consideration. It is called Argus and is
equipped with the dynamic system of the Do 132. It carries up to 500 kg payload or will obtain
- with reduced payload - an altitude of 1 000 m above ground station.

Concluding this brief survey it might be mentioned that the development work including the
hardware and test programs as well as the application of the pneumatic rotor drive to tethered
platforms was done with a total budget of about 42 million German Marks. To us it seems to be well
invested money not only looking at today's achievements, but also into future applications: For
high speed rotary wing designs - even stowed rotors - the pnei.,atic rotor drive offers good cost
effectiveness and variable rotor speed without the usual mechanical problems. It offers osss empty
weight at least for big cranes and compounds and eventually a simpler retraction mechanism due to
the lack of a mechanical transmission.
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DO 132 VFW H3

Number of stats 5 3
Power installed 710 gas HP 400 shaft HP
Rotor drive pneumatic hot cycle pneumratic cold cyc.
Fen drive mechanical

Dimensions
Rotor dinaeter 36,2 ft 28,6 ft
Overall length 24,0 ft 30.5 ft

Main rotor
Number of blades 2 3
Blade airfoil section NACA 634021 NACA 23015
Blade twist .5.90 00
Permissable rpm range 310 to 420 280 to 480
Rotor disc loading 3,26 lblsq.ft. 3,26 lb/sq.ft.
w_,gt
E.-pty weight 1490 bs 1075 lb
Takeoff weight 3 150 lbs 2 125 lb.
Payload 1 020 lbs 690 lb.

Fl_ pt formances
(ISA, sea level, max.gross weight)
Normel cruising speed 116kn. 130 kn.
Rate of climb, vertical G08 ft./mm. 390 ft./mm.
Best rate of climb 1 440 ft./mo. 1 280 ft./mim
Range (10 mm reserve) 220 nm 270 nm

Table 1 Technical datas of DO 132 / VFW H3

IS13



18-7
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LUNDER DEVELOPMENT --- IN PREPARATION

Table 2 Summary of missions And sensors for an elevated platform

A FLight altitude of up to 300m above ground

A Continuous operation for 24 hours

A Readiness for operation at 300m above ground

within 8 minutes

A Recovery and readiness for transport within 5 minutes

A CapabiLity of operation at wind velocities of up

to 1rm/sec t Sm/sec gust

A Ground-based equipment compiled to a set on a cross-

country vehicle

Table 3 Requirements for a tethered rotor platform

: 7 .....
FLYING JEEP 4i-xCALASIREAICTIONSROTOR

*)r • WISCHGASREAKTIONSROTOP Simin- MISCHGASREAKTtONSROTOR

Fig. 1 Pneimatic rotors build and tested by MBB
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SURVEY OF TILT ROTOR TECHNOLOGY DEVELOPMENT

by

K. B. Gillmore
Manager, V/9ITOL Technology

The Boeing Company, Vertol Division
P.O. Box 16858

Philadelphia, Pennsylvania 19142

SUMMARY

A review is made of the development of tilt rotor technology since the X7-3 program in 4
the late 1950's.

A brief comparison of the capabilities of the tilt rotor with other rotary wing config-
urations for a transport mission is shown. Tilt rotor performance and Aynamic model
tests are described. Analytical methodology development is reviewed and predictions are
shown to compare well with model test data in the areas of performance, aeroelastic
stability and flying qualities. It is concluded that the technology is now in hand to
develop a prototype vehicle.

INTRODUCTION

This paper presents a review of the state-of-the-art of tilt rotor technology. While
the data presented has been developed primarily from Boeing programs in this field, it
is presented against a background of other work, particularly by NASA and Bell, in order
to provide an overall perspective.

The feasibility of the tilt rotor concept was demonstrated in the late 1950's by the
Bell XV-3 shown in Figure 1. This was basically a test bed aircraft and while it success-
fully performed its purpose of substantiating feasibility, it also pointed up some funda-
mental technical problems of the tilt rotor configuration, especially in the dynamics
area (References 1, 2 ).

Boeing started major tilt rotor development in 1966 as a result of a study which examined
many potential low disc loading configurations in applications for next generation
military transport missions. One output of this study is shown in Figure 2. This figure
shows the effect of design cruise speed on design gross weight for various configurations,
all having equal payload, radius and hover capabilities. The helicopter, with or with-
out wings, runs out of propulsive force around 200 knots. This can be extended to 250-
300 knots by compounding but at a weight penalty of about 20%. The study also showed
that the power required for a 250 knot compound would be from 50 to 100% greater than
that of a 180-200 knot helicopter. The tilt rotor offers speeds of 300-350 knots with
a weight penalty less than that of the compound and with the same power as the helicoptdr.
At the expense of some additional weight and power, the tilt rotor has speed potential
in excess of 400 knots. Many subsequent tilt rotor application studies have confirmed
the benefits of the configuration for many missions, both military and civil.

Technology Development

This attractive performance potential caused Boeing to initiate an extensive program of
tilt rotor technology development. New analytical tools had to be developed. A good
background of analytical methodology was available from heiicopters and tilt wings,
particularly in the areas of rotor performance and loads. However, this still needed
modification to deal with the special cases of high twisted flexible rotors used on the
tilt rotor configuration. The biggest task in the analytical development was in the
dynamics area where the large flexible rotors mounted at the tips of relatively flexible
wings presented more potential problems in aeroelastic stability both of individual
blades and of coupled propeller/nacelle/wing systems than are experienced either by a
helicopter or a propeller-driven airplane.

Model Testing

All of this new methodology had to be substantiated by model tests. In the last five
years Boeing has completed over 3,500 hours of tilt rotor model testinq. Because so
much of the work was in the dynamics area, this also required development of the tech-
nology of building and testing dynamically-scaled models, both powered and unpowered.

190
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5-1/2 foot diameter semi-span model which Boeing has recently used for examination of the
aeroelastic characteristics of the coupled wing/rotor system. This model uses a hingeless
rotor with inplane frequency of about .75/rev. After demonstrating freedom from aero-
elastic instabilities when mounted on the nominal stiffness wing, a special soft spar was
built for this model to examine stability boundaries. During these tests the data shown
in Figure 8 was developed indicating good agreement between predicted and measured
instability boundaries.

A tilt rotor, like a helicopter, is susceptible to mechanical instability or ground
resonan-e. Mounting a rotor on a flexible wing also results in t.e possibility of
mechanical instability in the air or air resonance. Ground resc-ance has been extensively
investigated for helicopters and extension of the analytical methodology to include air-
frame flexibility gives excellent prediction of the boundaries of air resonance in the
cruise mode as shown in Figure 9, which shows the decay of modal damping with increase in
rpm for a semi-span dynamically-scaled wing and rotor.

Design studies have indicated no problem in selecting wing and rotor characteristics which
will keep instability boundaries well removed from operating conditions without paying
any substantial weight penalty. This is shuwn in Figure 10 which depicts the predicted
aeroelastic stability boundaries for a 12,000 lb. gross weiqht tilt rotor aircraft as
compared to the operating flight envelope. The wing used in this study was designei from
strength considerations only and did not havc to be modified to provide the stability
characteristics shown.

Flying Qualities and Gust Sensitivity

The blades of a tilt rotor aircraft in the cruise mode are lightly loaded and operate at
very low section angles of attack. Changes in rotor attitude and velocity can therefore
make large changes to local section angles of attack and, therefore, to total rotor loads.
The rotor static derivatives therefore become a major component of the total aircraft
derivatives and can produce large destabilizii.g moments. The variation of the rotor
static derivatives with blade flapping frequency is shown in Figure 11. This effect
presents no surprise and follows directly from the increased flapping motion of -he more
flexible blades. Less well known is the effect of lag frequency on the rotor derivatives
shown in Figure 12.

As the lag frequency is reduced, the pitching moment derivative reduces sharply and
actually changes sign and becomes a stabilizing moment on the airplane. This effect is
large because of the fact that in the cruise mode at high collective pitch settings
blade motion in the disc plane produces large changes in local blade section angle of
attack, unlikc a helicopter wbere inplane motion of the blades produzes only small
velocity changes and substantially no change in airfoil angle of attack. As shown in the
figure, a soft inplane rotor having a naatural frequency of about .75/rev produces lower
forces and moments than either a rigid propeller or gimballed rotor (inplane frequencies
1.3 to 2.5 per rev) or an articulated rotor (inplane frequencies of .25 to .3 per rev).
Substantiation of this predicted variation was obtained from the semi-span dynamic mod' l
discussed earlier in this paper. By varying the rpm the inplane frequency could be
varied from about .75/rev up to more than 1/rev and the variation in pitching moment
derivative predicted and measured as shown in Figure 13. Without lag accountability
the pitching moment predicted would increase with decreasing rpm d&e to the increase in
advance ratio. Thus, the rotor dynamics can be used within limits permitted by blade
load and aeroelastic stability considerations to improve the flying qualities of the
airplane.

However, it still remains clear that because of the large lightly loaded rotors a tilt
rutor will tend tc have a higher gust sensitivity than a conventional propeller-driven
airplane with the same wing characteristics. Since, however, the propellers incorporate
cyclic pitch control, the capability is available to use this cyclic pitch as a feedback
control system in order to alleviate gust effects. Analyses and wind tunnel tests have
confirmed the effectiveness of such a system.

The gust sensitivity of the tilt rotor applies also to longitudinal or axial gusts.
The reason, again, is the low mean blade section angle of attack in the cruise mode,
resulting in large percentage changes in thrust for a given change in axial velocity.
This effect was noted on the XV-3 where pilots observed both a gailooing and a yawing
tendency in rough air at high forward speeds. Here, again, as in the case of inplane
gusts, a major improvement in airplane response can be obtained by use of a feedback
control system into collective pitch. The extent to which response to a gu.t can be
reduced is shown in Figure 14. It can be seen that the response to a longitudinal gust
can be almost eliminated by suitable feedback.
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Summary of Technology Development

In summary, we can say that tilt rotor performance is predictable by available analytical
methods which substantiate the 100-150 knot speed improvement over a helicopter without
increase in power. Developments in aeroelastic analysis over the past five years now
permit prediction of stability boundaties and are well substantiated by dynamic model
tests. Fieedom from aeroelastic instability can be readily achieved throughout the
flight envelope with little or no penalty in weight or complexity. Flying qualities are
predictable and by taking advantage of potential rotor dynamics and by use of feedback in
the rotor collective and cyclic pitch control system, can be made as good or better than
those of a fixed wing airplane in the cruise mode or a helicopter in the hover and trans-
ition modes.

Other technology areas, which it has not been possible to cover in this brief review, are
also well in hand.

Noise, a ma~or obstacle to introduction of many V/STOL and STOL concepts, is not a problem
for the tilt rotor. In hover, the high blade twist results in a blade load distribution
which is higher inboard and lower outboard than a helicopter, resulting in lower noise
levels. A tilt rotor has no difficulty in meeting proposed noise standards such as 95 PNDB
at 500 feet distince in hover. The use of low cruise rpm (typically about 70% of hover
rpm) to improve propulsive efficiency also results in very low noise levels in cruise.

Vibration, a major helicopter problem ever since the first helicopters flew, is greatly
reduced in a tilt rotor. The rotor never operates in the high tangential flow field
associated with high speeds in the helicopter mode and, in all regimes of flight, the
wing of the tilt rotor is an effective rotor isolation system, providing large attenua-
tion of any rotor excitations before they reach the fuselage.

Overall it can be concluded that tilt rotor technology has been developed to the state
where industry could go ahead with an operational tilt rotor aircraft with high confidence.
This same conclusion was drawn by Bell in Reference 6.

So now that we have this technology, what are we going to do with it?

Need for Flight Demonstration

Both commercial and military operations can benefit substantially from the realization
of the unique characteristics of this configuration, combining the hovering efficiency
and flying qualities of the helicopter with the cruise efficiency and flying qualities
of the fixed wing airplane.

The risk involved in introducing any new aircraft system, even of a conventional concept,
is now so high in terms of cost that the U.S. Department of Defense has instituted a
"Fly before you buy" philosophy. Clearly, the risk of starting a program aimed at the
introduction of a production aircraft with a new configutation incorporating new tech-
nology represents a still higher risk even when the technology has been as well substan-
tiated through analyses and model tests as has the tilt rotor. The probability, there-
fore, that the tilt rotor could be developed in one shot for a specific mission starting
from today's state of technology is very poor. If the technolog) we have developed is
ever to be applied to an operational aircraft, an intermediate flight step of a demon-
strator aircraft or proof-of-concept vehicle which could be developed for a far more
modest expenditure than a true operational prototype appears absolutely necessary.

This aircraft must demonstrate far more than the feasibility atmed at in the XV-3 and
other similar test beds. It must provide an honest flignt demoistration that all the
technology is in fact in !%'nd and it must substantiate the pred.cted benefits of the
configuration by exploring the full flight envelope and demonstrate the aerodynamic,
dynamic, structural and operational capability of the tilt rotor concept. NASA has plans
for the develcpmtnt of such a vehicle which would be in the 10-12,000 lb. size class and
might be contigured as shown in Figure 15. 1 woLld appeal to all w),o are interested in
the development of operational V/STOL aircraft to pzo .' active support for this program
to ensure that a "proof-of-concft.2" vehicle is, in fact, built and flown so that the large
investment which government and industry have made in tilt rotor technology development
may be put to 'ise i operational aircraft and not Just filed as an interesting academic
exercise.
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LE' ENESTRON, SOLtYIN6 NOUVELLE DE ROTOR DE QUEUE

par J. GALLOT, Chef du SERVICE AERODYNAMIQUE

AIEROSPATIALE. B.P 888 - MARIGNANE (Franc.)

RESUME

Le rotor de queue oardn6 ddveloppd par l'Adrospatiale, pour Ie SA 341 "Gazelle" reprdsente une
solution nouvelle paur r~soudre 10 probibme du contr8le en lacet des appareila do type A.D.A.V.

En effet, cette formu~la West pas soumise aux probl~mes inhdrents au rotor arribre cinassique:
instabilit6 dynamxque ou vibrations importantes h grande vitease * Sea performances intrinsbques,
l1g0rement momns brillantes on stationnaire, devientient meilleures on vol d 'avamcoment, et inddpendam-
ment do 1 'dconomie do puissance rdaliade, Ia solution rotor cardn6 permettra d'atteindre des
vitesses supdriourea, Ia limitation duo au ddcrochage 6tant fortement attdaude. Pour tan convertible
trba rapide, on pout m~meoenvisager sans dif±'icult4 technique particuli~re, son escaanotage complet
si bosoin ost.
Dana l'6tat actuel, 1. rotor do queue cardn6 apparait comme ine solution satislaisante du point do vue
qualitds do vol, qui reprdaente tan progrba dana le domaine de la. sdcuritd au aol et en vol, et qui,
moyennant quelques aim61iorations aimples pourrait constituer 6galea?.nt tan progrbs sensible du
point do viz. bruit.

Notations

cy = -*
4 rsukz

= poussad rotor cardnd, positive h droite do l'nppareall

- densit4 do -i

S = surface du diaque balay6 par lea pales

U.. = vitease pdriphdrique

wparaabtre d'avanncment

V = vitesse d'nvancament

INTROD)UCTION s

Malgr6 l'oxpdrience quo loskiah4jstfridb ont does rotirs do queue AL faible charge au disque, il oat
inddaiablo quo cotto solution conatitue uno servitude gniunt oustr le plan technique ot opdrationnel.

Star 1e plan technique, la sultaticf rotor do queue classique ndcoasite zt tranafert do puissance h
grandedistanur en permanence, 00 qui multiplie leu organes mdcanxques. Il opbrre dana des conditions
vibratoires ot adrodynamiques diff4.ciloa h cause do &as position en extrdmitd do queue et des intdrac-
tioma trbs adv~res avec le souffle rotor principal, 1. si3lage du fuselwaget In ddrive. Du fait do
la s6vbrit6 do ceo conditions do fonctionnoment, le rotor arribre classique est sotuaie b des contraintes
importantes qui linitent fortement la dur6e do vie do see 6ldmenta. Do plus il eat gdndraiement critique
aua point do vue atabilitg do fonctionnement, par suite do la souplease relative do in atrucl.ure qui Io
stk; -^rte.

Sur 1. plia op6rationnel, le rotor do queue eat tan ensemble fragile et dangereux. Au voisinage du
aol, 1e contact eat toujours possible avec des pierres ota des branches, ce qui conduit dana la mnjorit#
des cas ens destruction*

Dana lea opdrationsanu aol ota 1e rotor totarrz, ii reprdaente tan danger permanent pour 1e personnel 'jui
so trouve h proximitd immddiate do l'hdiicoptbre.

En vol, tout incident concornant la transmission arribreou le 1 rotor do queue est cavistrcphijuo puis-
lu'lil ndcessite tan atterrissage immddi'it en autorotation, avec tane trbs faible libertd do manoeuvre.

La solution du rotor do jueta ctardnd, eta 1dnestron", ddveloppde par 1'Agroapatiale pour le SA 341
Gazelle (figure 1), permet do s'affranchir des servitudes inhdrentes au rotor arritare cnassique.

Do plus compte tenu do ia technologle retenue, cotte 3olution presente tan p~ogr~s certain dans le
dom~ino do ln fiibiiit6 et do Ia maintenance.
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DESCRIPTION flU F-ENESTkION (figure 2)

Le rotor do queue h"dnestronh ect constitu6 d'un rotor h pales multiples de faiblesdimens~ions,
articuldec en pas ceulenient, qui tourne h llint~riour d'un tunnel amdnag4 dans la derive verticale en
extr~mitd do Ia poutre do queue.

Le tunnel possbde un bord d'attaque arrondi et un, l4ger divergent pour amdliorer le r'e:,dement lorsque
le Fdnestron travaille pour compenser 1e couple dft au rotor principal.

Les pales en alliage d'aluminium sant obtenues directement, par matrigage. L'articulation en pas
s'effectuant car paliers auto-lubriiiants, ellba compu.,bent, au pied, une partie cylindrique en face
du palier d'incidence, be levier do pae oct canatitud par uno oxcroissance do la pale ebbe-mime.

Le rotor oat support6 direetement par une petite bolts do transmiscien comportant un couple de pignons
coniqiec, qui tranamet le mouvement do rotation en provenance do be botte do transmission principale.
Sur ce bottier uno simple servo-commando permet do modifier, cans effort important au pied.

La derive, e110-mime, cal~e h uno cortaine incidence par rapport h l'axe appareil, Oct cambrde do
fagon h fournir une pouassie latdralo anticouplo en translation. L'ensemble Oct cc~mpldtd h la partie
infdrieure par un aabot cardn6 capable d 'absorber uno certaine 6nergie en cac d'atterriccage tr~s cabr6.

AERODYNAMI jUE DU FENESTRON

-Vol stationnaire

Au point do vue performance au point fixe, ib oct bien dvident qu'une solution rotor cardn6 pour us
anticouple d'h6licoptbre oct attrayante puisqu'oblo permot thdoriquement h iso diambtre un gain do
puissance do b1ordre do 30 :-pour urn mime poussde. En effet be tunnel amdliore 1e rondement do
l1 anticouple pour deux raisons :I

a) ib y a rdduction des pertos en bout do pale quo cubit normalernent un rotor li~re

b) bs diffdrence do pression qui o'6tabbit ontre In face amont at Ia face oval do Ia derive, reprdcen-.

to th6griquement Ia moitidi do Ia pouseeaa totals at en pratique environ 30 lo.

Il ns faut pas oublier aussi qu'un. rotor arribre olnacique on ;ý'dsenco d'une ddrive mime petite a
uno efficaci-A &iminudo do 5 h 10 ,o cbazsiquement, pow suite des int~ractions ddfavorablos avec la
derive.

Par contre, l'int4gration d'un rotor csrdn6 doenIs structure do l'hdliooptbro ndcessito une rdduction
important* du diambtre p6nalisante au. point do vue puissance. LeI choix ddfinitif do ce diambtre eat
dernc un compromis ontro los performances et does consid4rations dlonoombroment et do poids do derive.

Dane le cac du SA 341, l'adaptation retenue W'est pas trop pdnalisanto puisqu'oble conduit dans 1e can
do la macsoe maximale do 1700 kg en vol stationnafre HES au niveau do la mer, en atmaaphbro standard,
h une perto do 4Co cur la puissance total. par rapport 4 un hdlicoptbro dquip6 d'un rotor arribre
conventionnel.

Dec esaisaeen coufflerie cur maquette 4 l'6chelle 1/2, et au bane grandeur r~olle ont permsi do vdri-
fier lee prddictions do calcul. at d'am~liorer 1e fonctionnement du l'dnestran:

- la forca du carnasge a 6t6 optimiade en co qui concerns Ia forme does bvres dlentrde et la ldgbro

diffusion adaptde.

- l'influence du jou ontre lea pales et 1e tunnel a 64t testde

- lee profi2s do pale retenun ont Wt choisis d'aprbs los rdsultats do soufflerie

Il oct apparu do plus que le F6nestron avait urn efficacitd croissant rdgulibrement jusqu'au
ddcrochage pratiquoment, contrairement au rotor arribre classique dont Ilefficacit6 diml-wie rapidement
mime loraque lo ddcrochago ea~t encore essoz 6loign4 (figure 4). 11 faut nctor quo les pý.es du Fdnestron
dtant do plus uxtrimement raidos, 1e comportement vibratoiro au voicinage du d6crochage Oct nettement
plus cain zus pour us rotor arribre classique.

Les essaiascur banec apparoil en prdconce du rotor principal on effet do sal, ant montr6 quo 1e t'onction-.
assent du Fdxwstron 6tait trha 14g6rement perturb6 par 10 souffle rotor principal cans douto parce quo
la diff~rence do pression existant cur la d6rivo oct miudifi4o par l1'apparition dVan vent relpitif.
Ce phdnombae peu gInant a 6tA retrouv6 sur apparoil en vol stationnaire. Bien qulil faille mains do
puissance h 1 'hdlicoptbre dane Ileffet do sol quo hors effet do aol, il faut l1g6rement plus do pied
dana lloffet do sal comae 1e montre la couroe (figure 5) donnant. 1' 4volution du pied en fonction de
la hauteur do l'appareil au dossus du sal.
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-vol d~~al~0ng~men

Le fonctionnemont du F~mestron en vol d'sivancement a priori pouvait poser des problbmoa. Notaimmont
on pouvait craindre un ddcrochage de I la Tvro d'entr6e an attaqim oblique, ce qui aurait ou pour
effet d' introduiro des variations brutales de moment do lacot et does contraintee alternoes impor-
t'intea dans lea pales.

Dbs 10 atado conception, pour rdduire l1'importance 4vwntuelle do ce phdnombne et surtout pour r~duiro
la puissance passant dans la boite de transmission arribre en translation h grando vitoaso, Is ddrive
a Atd vrillde et cambrde do fagon h ce quo la presqlue totalit6 de Iloffort anticouplo M~cessairo
dansasc cas soit fournio par la ddrive et non par le rotor. In. contr8le do lacet roatait n~anmoins
assur4 par la variation do pas rotor.

Lea esan~is en soufflerie, effoctuda aur la maquetto motoris6. (6ohello 1/2) pour des rapporto
d Iavincemen4 t allant jusqu'l h 0,55 et ddraruge variable jusqu' I h 8 degrds ont montr6 quo 1l'ensomble
ddrive-fdnestron avait am efficacitd rdgulibrs on fonction du d6rapage tfigure 6) quelhque soit
in vitesse sinulde et 1s pas affichd, ce qui dlijinait in posaibilit6 d'un ddcrochago do la lbyro
du cardnage en vol d~avuicement. Par nilleurs, l'officacitd do la commando do pas ne prdsentait aucune
anomalie done le domains expiord (figure 7). Lee essais ant montrd aussi quo In stabilit6 statique,
en laoot, d'un appareil 6quip4 do cette solution, eat pratiquement d6termindo par en ddrivo vorticalo,
ce qui n~ceasito une surface de ddrive importante St officace.

Lea pousades maxi~mum r~alioede en soufflerie on vol dtnvanceraent sont nettoment supdrieuros aux
pousseos ndcesaairee 4i la fonction anticouplo, mdAe dana 16 cae d'uno d6rive non portanto (figuro 8)
et eurtout d6passent largement lea possibilitda d~un rotor arribre claseique ayant amsm pouss~o
maximaum en v4)1 atationnaire * Do ce fait dane 1. domains orplord, lee poaeibilitdo do manoeuvre aweo un
f~nestron sont importantee, alora quo 10 else apparoil dquip6 avec un rotor classiqus serait limit4
on vitease et en d~rapage.

Du point do vuo performances en vol d'avanooment, il eat dvidont quiun FUnestron pratiquemoat d~ohoargi
ndcessitera beaucoup mains de puissance qu'wi rotor arribro clasaiqueseurtout h grands vitosas o4&
colui-ci fonctionnerait pr~sa du ddcrochage.

Dana 10 cas du SA 341, lee mesurca effectudea en vol ant permia d'oetioor h 70 lo la diminution do la
puissance paasant dane Ia m~canique arribre par rapport h Ia solution classique pour uns vitoesse do
250 lan/h. Cetto 6conomie o so rotrouvo pas int~graioment dane 10 bilan. complot puisqu'il faut tonir
compte don traindee induitos par lee 2 solutions ot do la traindo induite par is portanco do Is. d~rivo.
NManmoins, il resto un bn6nfico global chiffr6 aux environs do 2 ,o.

STABILIMr - MAINOLUViIABILITE - l4AIIABILITE EN LACKT

Lea essais on vol sur SA 341 ant pormia d'exp6rimentor cotto solution h plus do 310 Iu/h on palior
et 350' Io/h on doscents, co qui a permiai do confirmer on gdndral leaeossain do eoufflorio. On a pu
notor lba remarquoe suivantes

10) LjL jurbe do d4miagement sddalo en fonction du ddryaaaa h la viteaes do croisibro (figuro 9)
pr6sinte une z8no o~i ia pente, g6ndralozzont trbs satisfaisante pour la etabilit6, accuse uw dimi-
nution trbs ne Us Ii a Iagit do is position du pied qui correspond h l& pousaeo nuwle du Fdnestron
et par conadijuent il semblo qu'il y sit uno l1g0re piage do moindro officacit4 lorequs la circula-
tion d'air dana 10 tunnel slinverse.

ý0) En autorotltion h grande vitgeee la ddrive fournit un effort important qui nWest plus ndcosaaairo
et qui doit Stre compened par une pousade Fdnestron on eons inverse.

Cleat pour ces deux ralsoP4 quo lee mon~ifications suivantos ant 6t4 appliqusea au coura do la miso au
point:

10) Suppression du vrillage et diminution du calago do la ddrive pour limiter la paussed ndgativeoen
autorotation et pour ddcaler vera des valeurs do ddrapnge mains usuelle3, la Akma do moindro
stabili td

20) Accroissement do la surface do la ddrivo et adjonction d'oreiileo latdrnios profildks pour
donner un peu plua do stabilit6 propro h 1 appareil dana la z8me do poussoe FNneetror, mnuLlt quA
rests traverade lore du passage en autorotation.

Dana la configuration adoptde, le rotor cardnd fournit sinsi en translation une ldgbro paussd.
anticouple sans 'jue In Duissance absorbde ait augmont6 notoirement. COette poussde n-olainverse Jeenio
siufan c~is de ddrapage imoort-i.nt ou en Jescente en autorotation.
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Dans la configuration sdrie, 1 'appareil prdsonte une bonne stabilitd dynamique.

Pour un. puissance donndo et use vitesse ddteriaindo, la position des pddalea pout demsurer constants
inddfinimont. En virage 1 appareil as pilots simplement par action au mancho en iatdral sans rdao-
tion spdcialo d~sagrdable.

La manoeuvrabilitd avec le Fdnostron eat d6termin6e par lea merges au palonnior qui scat suffisantes
dane tout le dominase de vol. En vol stationnaire H.E.S ou D.E.S, i'dvolution do la position des
pddaies avec la masse rdduite reprdaentde sur Ia figure 10 laisse tine margin suiffisante on altitude
compte tenu do In bonne efficacit6 du Ednestron quel quo soit i'effort ddveioppd.

La stabilisation des diffdrents caps au vent so fait avec ume prdcision corrects jusqu'k des vents
do 30 icts tout en laissant une latitude do manoeuvre suffisante (figure 11). Enfin on vol do transla-
tion I'dvoiution do ia position du palonnior reprdsentde sur la figure 12 en fonction do ia viteses
ddpend du niveau do puissance stir is rotor principal ot du ddiestage par l& ddrivs avoc Ia vitosso.
Done tous loe cac l& garde au pied a 6t6 jugdo satisfaisanto, m~me h prando vitosse en autorotation.

La maniabilitd on vol stationnar, bien symdtrique, pout Stre caraotdriedo par la rdponse do i'appareil
en lacet 4 un dchelon do 10 lo do Ia course totale des pddaies. Dane 1. cas du SA 341 on obtient use
vitesse angulairo do lacet d'onviron 40 degrds/soconde.

En vol d 'avancement, Ia rdponse appareil deviant dissymdtriqus. Par example h 100 Icts, sur
un 6cheion do 5 , on obtient & gauche une rdponso en vitesse angulaire do lacet pius important.,
h gaucho 130o/s centre 70/s h droite.

Cotte dissymdtrie d'efficaoitd ddjh reloydeosur les courbes do stabilitd statiqum (figure 9) nest
cepondant pas g~nante, compto tenu do Ia bonne stabiliti do 1lhdlicopthro ot du mode do pilotage, ot
passe inapor9w du p~ilots, stii ne rechorche pas vraimont oe problbme.

VIBRATIONS ET EFFORTS DANiS LES CO10U4NDES:

Lo feit quo 10 Fdnestron soit preaque totalement ddchargd on vol d'avancement st par consd-iuent
soit aiiment6 par un flux trbs foible, inissait supposor quo Ia dissymdtrio d'sfforts adredynamiques
h laquolle est soumise un rotor arri~re classique, serait fortsmsnt attdnudo dana Ia solution Fdnestron.
Ceci a Wt ploinement confirm6 par lea mosures do contraintes on vol effectudes par straingages
cold~es sur lea pales.

Un large domains do vol a At4 balayd pour ces mssures

- vol stationnaire ot manoeuvre. rapidos en isost

- vol do mentde ot de descents en autorotation h toutos lea vitesses d'avancement possibios.

- vol do translation juequ'h 350 kmn/h on descents h la puissance maximalo.

Les contraintes lea plus 6lovdes ronoontrdes dane 10 rayon do racoerdoment aui pied do palo correspon-
dent au vol atationnaire awec manoeuvre rapido do rotation h droits, 01108 sent do Il'rdre 1 ,5kg/mm2.
En vol horizontal h Ia vitease do 260 kan/h ot ddrapage nul, 01165 no ddpaesent pas 1 kq/mn2.
Par ailleurs Ie ddrapage a une influence trbs foible sur los contraintes onregistrdes (voir figure 13)
ot dan. tous lea cas do vol rencontrds 10 niveau do contraintes eat nettement infdrieur h Isa limita-
tion correspondant h la durdj do vie infinie.

Do ce fait on pout 61iminer lea essais do fatigue effeotuds aur lea pales prdlevdes on coure do
production Sdrio, tout on garantissant use durds do vie t~.Ioeriqus infinie, contrairement au cas des
pales d~un rotor arribre classique.

Les efforts do commande ddpendsnt do la d~finitien gdomdtrique et massique do In pale et do so position
en corde par rapport au moyeu, ainsi quo des moments do frettainent engendrds par le palier auto-
lubrifiant done laquio la pale oe't encastrde.

Au cours do 116tudo, l'adaptation a 6t4 faits do fagon h ce quo lea efforts do commando soient foibles
on val do croisibre. Par centre on vol stationnalro 11 s'ensuit jue lea efforts do comassnde sent rein-
tivement 6levds et clost la raison pour laquelle tum petite 8ervo-commna~de hydraulique simple corps
a kt6 nontde stir In botte ,irribre. En cas do panne hydraulique, lea efforts sent donc ntis on croisibre
et no deviennent plus #-i-evgs 1ju'en vol stationnaire (environ 30 kg au. pied) ce qui est admissible
compte tenu do la falblo durde do vol n~cessaire dana cette configuration pour se poser.
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COHPARAISON FENESTRON .. ROTOR AtMREHE AU PCAlT J)% VUh BRUIT

Des essais comparatifs a nt t4U effectuda aur des appareila wt aol, sntro us rotor arribre classique
at us FUnestrori. Dana lea deux cas, lea pales du rotor principal avn tent Wt enlevsea. le microphone
6tait ddplacd sur iesaol h hauteur dui centre dui rotor arribre et lea esaures ant Wt effectueso pour
lea points indiquds sur la Figure 14.

Le Fdnestron se caractdriae esaentiellement par deux raise h 1300O Her,,. et ?')00 Hers correapundant aux
haianoniquem 1 at 2 dui bruit rntationnsi. La directivitd dii bruit eat Iiaxim~i~e au voisinage do l'axe h
450 par rapport h l'axe rotor.

I aso diffdrencis donc nettement dui rotor arribre claseique qui tournant plus lentement, 6ast un
spectre do raise plus riche en harmoniques. Pour Is rotor arribre classique dont I& frdquence fondamen-
tale du bruit rotationnel eat 68 Herz, on a mis nettement en 6vidmnoe lea 7 preaibrea raise, ainai
qu'un bruit h large bands qul. apporto une contribution notable h trbs bases frdquernca (160 Hz).

L'attdnuation dui bruit nyse la distance eat plus important. dana I. cas dui Pnestron (12 PNdB entro
25 m et 50 a) contra 6 PNdB pour is rotor arri~rs olassique. Done bien quo i* niveau pergu dane is one
dui Fneatron h faible distance soit pluts important, compte tenu de 1 'attdnuation plus grande aveo in
distance, lea niveaux. pergus mont dui m~ms andre do grandeur h 50 a, et h grands distance is Fdnestron
posA~ds un nivsau sonar. infdriour.

Par ailleure, en vol de croisibre, bien qu'aucune assure W'ait 6Ud offectude, on p-at eatimer qua 1.
Fdneatron 6tant pratiqueLant Adcharg,4 par in diriva, me era pas aoumia h des phdnombzua do compreasi-
bilitd comae un rotor arribrs alasaique St aura par consdqusnt un niveau do bruit plus foible h grands
vitesse.

SECURITE - WIRNRABILITE I

La solution rotor do queue carndn&prasento un progrbs trba net dane 1. domains do la sdcurit4 au aol
et sn vol.

I* fait qua ls rotor arribre soit plus petit, st inclus dans us tunnel do protection, nseo uns bonne
matdrialisation en rotation, exohut pratiquement l1'accident pour le personnel au aol * En one
d'atterrissage brutal, trap cabr4, I. Fdnestron set h l'abri do ddtriorations conedoutivos au contaot
avec le aol. En vol enon ea d'incidont concernant la transmission arribre ou 1. rotor do queue hui-rmem
il eat possible do continu~er le vol avec us idgor ddrapsg h la vitoses do croisibro jusqulk in
destination prdvus plisque I& plus grease partie do l'antioauple eat fournie par In ddrive et do as
poser alare bien efli en autorotation. Done doe conditions dquivalenta us appareil h rotor do queue
clasaiqus serait obligd do ms poser imd~diatement en autorotation et 1 'on congoit 1 'avantage au point
do vue sdourit4 qu'effrs in solution Fdrustron pour ltutilisateur civil ou ailitaire.

La vualn6rabilitd dii rotor cardnd pout s'analyser en conuiddmant

- lee possibilitda ds contact avoc dos objets 4trangers

- lea probabilitda d~impact do balles ou didclats d'obus tirde par 1 'onnomi,

En co qui concerns lea poasibi].itda do contact avec loa corps 6trangera, Is Fdeatron. set bion protdg4
par son cardnage contra les obstacles fixes quo *a s it branche d'arbre, buissons cii pierres dmergsant
dui aol.

Do plus sn vol stationnaire, ii parait trbs improbable quo lee cailicux cii gravioresoaulovds par is
souffle rotor principal, et .8me ass marceaux do glace ne dtachant dui rotor principal on atmosphbro
givrante puissant pdndtror dana Ie tunnal sprba us changuisont do direction h 900 quo lour intordit
pratiqueaent lour seule inertis. En vol d'avanceaent Is risque d'ingsstion dtobjets dtrangsrs set encore
plus aiminms puisque Ie flux d'air travorsant Is Finestron sot pratiqusment Mil.

En ce qui concerns in viaindrab.Uit6 aux balls. tirose dena Ilaex dui rotor ctrkrA, on ddaantre faclsment
quo lea risque. d'impact sont proportionnels h in surface vulndrable ddfinie comes In som do in surface
rdelie des pales St ds in surface belayde par lee pales pendant 1. temps mis par Is projectile pour t'a-.
verser le diiaque rotor.

La comparaison avec le rotor arribre classiqus aentre quo is risque dana 1. ens do in balls do fuail, eat
deux fois plus faible dans le cam dui Fdnestron.

Par ailleurm mime en cas d'endommagemsont, les pales rotor cardn6 trava~ihlsnt h us nivsnii do oontraintem trbs
falble 6tant do plus courtes et pleinas, sont maine susceptibles de as rompreoen fatigue quo dam pales
do rotor arribre classilue * Des essais en vol ant mon'trd qu'on pouvait toldror un balaurd important sur
1 'ensemble sans quo ls niveau vibratoire no so ddtdr.Lore trap at qua l'ensemblo arribro no soit endow-
mag6. Donc une ddtdrioration dui rotor quoique improbable, nyoc des consdquences mains graves quo dans
ie cae du rotor arri~re ciasaiqus.



La maintenance do 1'enaomble arribre d~un apparoil dquip6 do Ia solution Fdnestron est nettement plus
faible qua cello d'um appareil 'a rotor do queue claspAque, do par la simplification toohnologique

10) a rducion% ds vleus tt~sfoilesdo Ia puissance abr~orb6a par le rotor en translation,

ddchargo rsu opbeetl bte t 1'rr etasiso arribre, ce uprmtdagn
ter fortoumet leur T.B.Z.

20) La faible poiwsae folwtnie en translation par le rotor lu-Ammo ot soa cowui~ tions de fonctionnoment
sont tollos quo los pales at lea 6ldments do commands as subissent qua des contraintes do fatigue
tr'as foibles, co qui lour confort dos dur6os do vie infinios.

30) La suppression des articulations do battement pour lea pales at 1 'utilisation do paliers autolubri-
P ants pair 10 pas, 61iminoni. lee travaux d'ontrotion rotor

40) La vuln~rabilit4 r~duite du rotor dana un onvironneinont op~rationnel diminin Ia ndcossit6 des inter-
ventions pour dchanges ou vdrifications

50) Los opdrations do d~montage ot remontage elles-amnos sent grandonent simplifidesaot no ndcemsitent
pratiqugemnt aucun r6glage do la part do 1' utilisateur.

OONCLISION :

La solution rotor anticouplo car~nd typo "FPnostron" prdsente done un progrbe important dana 1e domains
do la adcuritd at do la. meintenance. Sa miss au point n'a pas posd do probl'amos particuliers. Cotte
solution a doxnd6 satisfaction au. point do vim performances at qualit4s do vol dams ]o domtir* do vol
explor4 par 1e SA 341 Gazelle. Il rests maintenant ha en ddterminer loe limites d'utilisation pour los
vitesa.. plus importan¶.as qu'attoindront dams un procho avenir los combinds ou convertibles ha
voilures tournantes.
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DEVELOPMENT OF THE ABC ROTOR*

by

Robert K. Burgess
Project Engineer, ABC Rotor

Sikorsky Aircraft
Division of United Aircraft Corporation

Main Street
Stratford 06497, Connecticut

SUMMARY

The development or the ABC rotor is traced rrom conception through small scale
model wind tunnel testing, ruli scale analysis, design, fabrication and ultimate wind
tunnel testing of a 40 ft diameter rotor in the NASA-AMES 40 ft x 80 ft wind tunnel.

In particular, the principal design tradeoffs resulting from the early analyses
and testing are discussed along with their expected impact on the full scale rotor charac-
teristics. Materials and manufacturing methods employed are covered including the more
important difficulties that were surmounted during the nearly five years of development.

Finally, the major test programs are outlined including blade balancing, turbine
test bed operation and full scale wind tunnel testing in the 40 ft x 80 ft NASA-AMES
facility up to speeds of 180 knots and advance ratios of .91. Significant results of
these tests are presented, and applications to aircraft systems discussed.

Some 35 years ago Glauert proposed a helicopter rotor system that precluded re-
treating blade stall without increasing rotor speed and thereby the advancing blade tip
Mach number and producing higher compressibility power losses. The system operates by
allowing the advancing blade to produce more lift than the retreating blade. This is ac-
complished in a natural fashion since the advancing blade always "feels" a higher dynamic
pressure than the retreating blade because of its higher airspeed (See Figure 1). As em-
bodied in Sikorsky's Advancing Blade Concept (ABC), the unbalanced aerodynamic moment
thus produced can be reacted by another rotor turning in the opposite direction or by an
asymmetrical, fixed aerodynamic surface. The coaxial ABC rotor configuration was chosen
to avoid the load sharing problems associated with combining fixed and rotating lifting
surfaces while simultaneously minimizing the high load path generated by the large lift
moments of each rotor. Control of such a rotor is achieved as in other conventional co-
axial systems by simultan'ouh cyclic pitch variation of both rotors about orthogonal axes.
In addition, optimization of performance, rotor moments, etresses and vibration is easily
effected by use of differential cyclic and collective pitch in the form of either separ-
ate trim controls or integrated coupling with the standard flight controls. The basic
aerodynamic and control principles are described in detail in References 1 and 2.

At the outset it was recognized that the design process is an iterative one in-
volving, amongst ocher things, elements of geometry, mathematical analysis, manufacturing
constraints and test results, all based on specifications or design criteria that in them-
selves frequently derive from subjective marketing goals as well as considerations of tech-
nical feasibility. As a design goal which appeared achievable, a rotor system for a hypo-
thetical aircraft of 14,500 lb gross weight with a maximum level flight speed of 230 knots
was chosen. Such a machine (Figure 2) would have a wide range of roles and missions in
both military and commercial service. Moreover full scale testing of a rotor system of
this size would eliminate the doubts and risks often associated with theoretical predic-
tions and extrapolation of small scale test data. Based on OGE hovering considerations
alone, a rotor diameter of 40 ft was established. It is worthwhile to note that ABC rotor
diameters are not dictated by forward flight considerations as with conventional rotors
where retreating blade stall enters the picture. Other factors which would constrain ABC
rotor diameters are disc loading and autorotative landing characteristics in the case of
single engine machines.

Initial structural investigations showed that a relatively thick root end would
be required even with the use of such materials as titanium and advanced fiberglass. A
closed solution with an estimated blade weight of 260 lb was reached after 18 Iterations
(the actual blade weight turned out to be 256 lb). During the course of tnis early deuign
effort a set of model blades 4 feet in diameter (1/10 scale) was constructed for subscale
tests in the UARL 4 ft x 6 ft subsonic pilot wind tunnel. The blades were geometrically
similar except for twist and were dynamically similar in that the ratio of the first flat-
wise cantilever bending frequency to rotational frequency was approximately equal to that
of the full scale design. Coaxial hover performance tests were also conducted with this
model rotor (Figure 3). The results, presented in detail in Reference 2, were very en-
couraging. At this point a Corporate decision was made to construct the 40 ft diameter
design for testing in the 40 ft x bO ft NASA-AMES wind tunnel up to speeds of 190 knots and
advance ratios of 1.25. Management placed a second major constraint on the design, viz.
that the blades, and preferably also the rotor hub/shaft would have to be man-carrying,
i.e. they should have a reasonable fatigue life( 1000 hri and incorporate such atandard

*Published with permission of the American Helicopter Society
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Sikorsky safety and convenience items as the pressurized Blade Spar Monitoring System
(BIMN &nd pre-tracked blades. Additionally, it was required that the rotor system
weiglktt fraction be at least as good as current state-of-the-art helicopters and compound
aircraft. Use of tooling and manufacturing methods consistent with quantity production
was also to be considered wherever possible. To achieve these ends required some 4-1/2
years and $7.5M of corporate funding. A contract was negotiated with USAAVIABS for
$250,000 and the use of the NASA-APMS facility.

ROTOR BLADE DESIGN

Loads for the ABC rotor were determined by utili:z..ng a digital computer pro-
gram to determine the aeroelastic response of flexible rotor system components based on
the normal modes technique.

The equations of motion were arrived at by consideration of equilibrium of
aerodynamic, dynamic and elastic moments awl forces acting at discrete radial blade sta-
tions. The resulting moment and force equilibrium equations were differentiated to ex-
press them in terms of local blade loadings, and the blade displacements were expanded
In terms of the appropriate uncoupled blade vibratory modes. Structural and centrifugal
stiffness terms were replaced by equivalent uncoupled modaL natural frequency expressions.
Blade deflections were then expressed as finite series summations of uncoupled normal vi-
bratory modes, and a closed loop iteration of modal amplitude was performed by the digital
computer to obtain a convergent aeroelastic response steady state solution.

Blade section aerodynamic forces and moments were based on quasi-steady-state
aerodynamic theory. To account for effects of stall, compressibility, Reynolds Number,
reverse flow and airfoil section, no small angle assumptions were made regarding the mag-
nitude of either the blade section angle of attack or the inflow angle, and the computer
program was provided with the appropriate two-dimensional airfoil data (C , C, CM versus
angle of attack for various Mach and Reynolds Numbers) necessary to evalukte Khe aerody-
namic forcing functions.

The final design was the result of over 21 iterations, beginning with a complete
fiberglass blade and ending with a blade having a monolithic titanium spar, fiberglass
skin and a sealed honecomb trailing edge.

At the outset a blade made completely of fiberglass was investigated; however,
the transition from fiberglass to metal at the root erd attachment proved to be both
heavy and not too amenabl. to analysis. In addition .no blade deflections resulting from
the very low elastic modulus required what were considered excessive amounts of inter-
rotor separation. To quantify the critical derivatives, it was necessary to perform some
design studies on the hub/shaft.

HUB/SHAFT WEIGHT AND DRAG DERIVATIVES

Results of these studies indicated the weight derivative for this item to be
about 70 lb/ft for titanium. Drag tests on a 1/2 scale model at super critical Reynolds t
Numbers In the UARL pilot wind tunnel indicated an equivaeaet parasite drag area of .5 ft 2 /
ft of shaft length.

INTERROTOR SPACING OPTIMIZATION

To optimize rotor spacing, several other factors were considered. It was iM-
possible, for example, to have a spacing of less than 22" at the rotor shaft centerline
because of the kinematic constraints of the blade pitch controls; therefore this automatic-
ally became the minimum bouvndary. B,'-.d on the aircraft design criteria of 14,500 lb
gross weight and a Vwax of Z30 knots, it was determined that blade tip contact would oc-
cur with an interrotor tip spacing of 42". The calculations involved considered some
vertical load factor capabilit," and angular rate generation which produces gyroscopic blade
deflections. These latter effects were minimized by mechanically phasing the cyclic pitch
control Inputs in accordanue with relationships discussed In References 2 and 3. Proper
pkasing of these inputs results in cancellation of approximately 70% of the blade deflec-
tion due to gyroscopic coupling. This is graphically illustrated in Figure 4.

Based on this Information, an arbitrary 10" wab added to the 42" to allow for
uncertainties in the analyses, thus bringing the interrotor tip spacing to 52". In addi-
tion, it was decided to design frangible tips for the upper rotor to ensure that failure
would occur on all theee blades of one rotor only, thus precluding a mass unbalance in the
unlikely event of an unforseen system instability resulting in contact of the two rotors.

Finally, In view of hub/shaft weight and drag considerations, a compromise was
made with regard to the precone angle. At the design gross weight of 14,500 lb, a precone
angle of +÷.5* yields the mainimum steady flitwise bending stresses. Stress end flutter
calculations showed the upper rotor could be ovwrconed 2.50 to a +50 precone angle, and
the lower rotor underconed the same amount for a zero degree precone angle. This reaultet
In a 30" interrotor spacing at the shaft centerline for the 52" tip separation.

FLUTTER STABILITY

A flutter analysis of' the ABC rotor blades indicated that the blades would be
free from flutter for all test conditions .cheduled for the AMES Wind Tunnel test pro-
gram. The most critical condition for flutter was the 190 knot condition at 352 RPM



21-3

which Is two RPM above the maximum continuous value This condition represents the maxi-
mum advancing blade tip Mach Number. The normal rotor speed is 310 RPM. For the
measured control system stiffness, the upper rotor was calculated to be nearer to the sta-
bility boundary at the 190 knot, 352 RPM condition. Because of the conservatism of the
analysis, however, complete stability was indicated for the wind tunnel test program.

The upper rotor blades are more critical from the standpoint of classical flut-
ter since they are set at a positive precone angle of five degrees in addition to having
a masa axis that is aft of the shear center loc,,s which lies approximately at the quarter
chord. The mass axis runs close to the 30% chord line at the outer end of the blade. It
was this unbalance that could have produced e susceptibility to flutter. The flutter
analysis used to evaluate the rotor was developed under U.S. Army funds and is fully des-
cribed in Reference 4. For the ABC rotor, the mathematical model included only the iner-
tia of the outer 1/3 of the blade. However the mode shapes used were those computed for
the entire blade. Initially, the stability of a single blade was examined, the structur-
al and aerodynamic influence of other blades being neglected. The aerodynamic forces
acting on the blade were calculated as noted earlier in this paper with the additional
assumption that the airflow over the blade at w - 900 exists for all time. Thus the sta-
bility of the blade was examined at w - 90* only, which is considered to be the most
critical azimuth position with regard to flutter of the ABC blades. Deflection of the
blade was represented by the first three flatwtse modes together with the first torsion
mode. The inertia of the Inner 2/3 of the blade was omitted, as the flutter calculations
overestimate the stabilizing effect of the inboard portion of the blade. Examining the
stability of the outboard 1/3 of the blade at w - 900 was considered to make the method
of analysis very conservative. For a significant flutter response, the blade would have
to exceed the flutter speed over a substantial portion of its azimuth travel, not Just
at the w - 900 position where the tip Mach No. reaches its maximum value. Therefore the
calculated flutter margin for the ABC rotor blade at w . 900 adequately ensures complete
freedom from tnis form of instability. Moreover, the high blade torsional stiffness
(first mode - 27/rev) precludes torsional divergence. Although advance ratios during the
subsequent full scale testing In the NASA-AMES facility did not exceed .91, the analysis
was carried through to show stability beyond an advance ratio of 2.8.

SPAR MATERIAL SELECTION

To minimize deflections, a higher modulus ,%aterial was required. As Figure 5
sbows, tiere is little choice among the three state-of-the-art materials (steel,
aluminum, and titanium) from the standpoint of specific stiffness. However titanium does
have a strength to weight advantage as illustrated in Figure 6. To maximize this advan-
tage, the next major design iteration employed a nest of adhesively bonded titanium sheets
for the spar, since sheet stock has higher allowable stresses than large forged material.
The principal problems with this design were the dimensional accuracies required for
proper nesting, and lack of good NDT (Non-Destructive Test) methods for determining the
bond quality.

Concurrent with the preceding developments, a number of exotic methods of pro-
ducing large, closed titanium sections were investigated. These included various
types of roll forming, both hot and cold, as well as diffusion bonding and electron beam
welding of open sections. The large reduction in allowable vibratory stresses in the
weld zones, plus rather expensive tooling, precluded the latter approach. The coli form-
Ing methods available at the time were also quite expensive; moreover the tendency of ti-
tanium to gall severely when worked cold eliminated these techniques also. Recent techni-
cal developments, however, make this method deserving of review for future applications.
A hot, roll forming process was then selected and the next year-and-a-half spent in at-
tempting to develop tnis method. Unfortunately, the concept appeared to be too far ahead
of the state of the titanium metalworking art, particularly with regard to maintenance
of dimensional tolerances.

During the time when the hot forming processes werV under development, a paral-
lel investigation of advanced composite application wab undertaken with the General
Dynamics Corporation of Fort Worth, Texas. As implied in Figures 5 and 6, the payoff in
terms of weight alone might significantly offset the higher Initial cost of these materi-
als. This Is especially true In the case of rigid rotors as compared to articulateu ro-
tors where a minimum centrifugal force must be maintained to limit the coning angle. A
boron fiber/epoxy resin system was used to fabricate some typical sections, one of which
is illustrated in Figure 7. Structural tests of several specimens showed great promise;
however, the root end attachment problem did not appear soluble within the established
budget and schedule, and satisfactory NDT techniques were lp-oking. After •,cndlng con-
siderable effort on the foregoing processes with relativnly little succe4s, It was decid-
ed to produce a spar tube by conventional machining methois and imparz the sectiinal shape
and twist requirements in a single hot creep forming opera•Aon. At this point in t~ie,
advanced forging techniques had been developed which produced enough anisotropy in the
titanium material to yield relatively high fatigue strength in large monolithic struc-
tures. Figure 8 is an exaggerated longitudinal section of the spar tube before creep
forming. The reverse taper near the root end was a means of reducing weight. Of special
interest is the variation in wall thickness with radius, the maximum being over 1.66"
near the root with the minimum of .075" (,urring at the tip. From the military view-
point this provides distinct vulnerabilit.' advantages. At the root end where moments and
4trese*e are highest, the section is thickest. Moreover the spar remains circular for the
first three feet from the center of rotation, thus presenting obliquity to a large per-
centage of hits. In the outboard region where stros3es are relatively low, the spar may
be holed without any great concern. In fact a large number of holes already exist to
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provide for tuning weight retention. Figure 9 shows a finiahed spar after creep form-
Ing.

BLADE SKIN DESIGN

having chosen 6hl-4V titanium as the principal bending load carrying member to
minimize weight and deflection, the choice of a skin was based primarily on the require-
ment for maximizing torsional fatigue strength and rigidity, particularly in the outboard
region where the classLcal flutter boundary is sCsAtive ao the lo-al torsional stiffness.

!'iberglass appeared to have the desiree characteristics to echieve these ends.
In particular, 1002S glass was selected over the more common 1002E ma'.erial because !.t has
both a 15% higher stiffness and fatigue strength. The cloth was delivered as prepreg and
laid up to a thickness of .060" on a male mandrel with all the ftbers oriented at u50 to
the feathering axis, thus maximizing the torsional strength and rigidity.

FINAL BLADE DESIGN

A complete blade assembly before patnting is shown In Figure 10. The principal
elements are illustrated in Figure 11 at station 60 (5 ft out from the center of rotation)
and station 216 (2 ft in from the blade tip). The titanium spar, S-glass skin, honeycomb
aft section and foam filler are clearly seen. The vertical member just aft of the spar
transfers the shear loads developed in the aft section to the spar. The moment developed
by these loads is reacted as a couple In the skin. The four cavities in the foam spaced
around the spar serve as vent corridors to permit rapid escape of the dry nitrogen gas
used to pressurize the spar in the BIN & crack detection system. Some concern was expres-
sed with regard to the rate at which gaY would escape with the spar surrounded by the foam
and a relatively impermeable and extensive skin to spar bond area.

Blade tuning was accomplished by installation of relatively small tip weights.
Southwell plots of a representative blade are shown in Figure 12. As mentioned earlier,
the chordwise blade cg was located at 30% mac; this required no special counterweights.
Spanwise static balance was accomplished on the upper rotor by the addition of lead shot
suspended In a copolymer compound and on the lower rotor by removal of small amounts of
material from the tuning weights. It is significant to note that there was only a 1-1/2
lb total spread in weight among the eight final blades fabricated with a nominal weight
of 256 lb per blade.

Dynamic balance of the rotor blades was performed on the 3,000 HP blade balance
stand in Stratford. Figure 13 shows the upper rotor installed on this facility. The
slope of the pitching moment vs. angle of attack function was determined during rotation,
and the slopes of all three blades on each rotor made coincident by rearranging a number
of chordwise counterweights located at the root end inside the fairing cap. The zero
moment Intercept of each blade was adjusted by bending the outboard trim tab to shift the
curve. Later developments in the program gave indication that these operations may not
be necessary in very rigid rotors.

The third major operation conducted on the balance stand was blade tracking.
At this point it is worthwhile to note that all balancing and tracking operations were
performed with an articulated head on the balance stand. This has no significance for
the propeller moment and aerodynamic moment balance since these moments act about the
feathering bearings. However, it was felt that the high flatwise stiffness of the blade
system when in.italled on the rigid hub/shaft wcAld limit blade deflections to values
around the thresnold of the electronic blade tracker for unbalanced lift forces that
could produce significant t a per rev vibratory airframe responses. A constant track
variation with blade angle hould have required only a simple blade push rod adjustment
as is normally done on all S-korsky pre-tracked production blades, and the blade sten-
ciled accordingly. However, even a linear track variation with blade angle would have
posed some serious proolems. As it turned out, the total non-cotistant out-of-track was
only 9/16" maximum for a thrust per rotor variation from zero to 11,000 lb. These ex-
cellent results were attributed to the ve:;, close tolerances and high degree of repeat-
ability achieved with the use of hard tooling throughout the major sub and final assembly
operations. As a result of these efforts there was no evidence of any one per rev vibra-
tion throughout the subsequent test program.

TEST PROGRAMS

Throughout the 4-1/2 year program a large variety of testi were run to deter-
mine such things as materials properties and processing requirements, environmental
characteristics, and ballistic resistance. The major test programs and their results
are covered in the following sections.

ENVIRONMENTAL TESTS

Rainfall, humidity and altitude cycling tests were performed in an environmental
chamber on samples of the aluminum honeycomb-foam-fiberglass sandwich used In the blade
construction to ensure that moisture could not become entrained in the blade under severe
service condittens and create a one per rev unbalance with subsequent separation of the
honeycomb core from the skin because of corrosion of the aluminum.
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BALLISTIC RESISTANCE
Figure 14 shows the exit damage caused by several 7.62 -m ball rounds fired at

a range of 70 meters. The exit damage is more severe than the entry damage. The three
holes showing the least damage were caused by rounds entering at zero obliquity. The
fourth hole which was created by a round entering at 300 to the blade surface, exhibits
the worst damage. Even so, the e¢maged areas are relatively restricted and very little
spall was created. A simple foam-fiberglass-epoxy resin kit was used to make the field
repair shown in Figure 15. No honeycomb is needed for the repair and blade balance Is
not affected since the replacement material weights are sufficiently close to those of
the parent substances. As mentioned earlier, spar holes are difficult to create near
the heavy root end, and of smaller consequence outboard where working stresses are low.
In any case, although tIe blade would have to be replaced if the spar were extensively
damaged, there is sufficient residual strength in the spar after such damage has been
Incurred to permit the aircraft to return to base. Any opening created by a projectile
or fatigue crack would of course be detected by the BIMScrack detection system des-
cribed earlier.

CONTROL SYSTEM SPRING CONSTANT DETERMINATION

In addition to ,he normal control system proof and operational tests, it was
necessary to determine the spring constant of each rotorls control system to ensure the
absence of classical flutter. The very high torsional stiffness of the blade could have
been easily negated by a soft control system spring In series; control system slop was
also held to a minimum. It was Intended to allow the slop to build up during the subse-
quent test program to determine its effect on system stability and response. Results of
these tests indicated that both rotors s6uld have a satisfactory flutter margin through-
out the entire range of air speeds,, rotor speeds and advtance ratios to be tested in the
wind tunnel.

VIBRATION TESTS 4

A ground shake test was performed on the ABC rotor system module to determine
iti natural modes of vibration and the proximity of each natural frequency to the 1 p
and 3 p rotor frequencies. In addition the transmissibility of the rotor-module system
was determined.

For the conduct of the shake tests, the rotor blades were removed and replaced
with an equivalent weight which included a unidirectional shaker on the upper rotor head.
The module weight and inertial properties were similar to those expected for the AMES
wind tunnel test. The tunnel supporting strut stiffness was also simulated. Early analy-
ses had indicated the possible existence of a lateral mode and a coupled longitudinal/
vertical mode. A passive spring system was installed to detune the lateral mode and an
active hydrau2ic/pneumetic servo systen was designed to isolate the coupled mode.

Both systems were incorporated in a single package at the tall strut. The non-
Isolated configuration consisted of ball joint restraints at the forward struts and a
longitudinal pin restraint at the tall strut; a CH-53A main rotor brake was installed in-
stead of the pin at the conclusion of the test to provide a remotely controlled lock/un-
lock system for the active isolator during the wind o:nnel testing. The results of the
vibration testing are presented in Figures .6 and 17.

TURBINE TEST BED FUNCTIONAL TESTS

To demonstrate the structural adequacy of the entire rotor-module system prior
to actual full scale testing in the 40 ft x 80 ft AMES wind tunnel, the system was op-
erated throughout the load ranges anticipated in the wind tunnel program on a turbine
test bed facility illustrated in Figure 18. Thrusts up to 22,000 lb and interrotor mo-
ments of 74,000 ft-lb were achieved, although the high moments were obtained by the
fundamental one per rev cyclic control input whereas under actual forward flight condi-
tions both fundamental and second harmonic loads would be generated by the asymmetric
airloading. The control console, Instrimentation and interrotor tip clearance systems
were checked during this portion of the program. A total of 37 hours was accumulated
on the turbine test bed of which 27.5 hours were run In the coaxial rotor configuration.
Approximately 2.5 hours were run above the rotor r-1 line speed of 350 RPM in the coaxial
configuration.

Both rotating and non-rotating rotor stability tests were performed on single
and dual rotor systems to confirm analytical natural mode frequencies and the absence
of irnzoillities. Step and sinusoidal (0 to 10 cps) inputs were applied to the rotor
through che collective and lateral cyclic control systems to provide an indication of
the rotor syatem damping characteristics. step inputs up to ± 1 degree of rotor blade
pitch angle were used with various Initial settings of rotor lift and shaft moment combi-
nations.

The step Input excitations resulted In no noticeable transient responses,
thereby giving an Indication of good rotor system damping characteristics. The sinusoldal
excitations were run continuously and slowly from 0 to 10 cps during which time only minor
amplitude build-ups were observed as expected when the forcing frequencies crossed the
blade natural frequencies. The data from these tests were used to modify a multibladed
normal modes computer program that was used to determine the rotor response at the ad-
vance ratios anticipated in the full scale tests in the AMES wind tunnel.
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At the conclusion of the turbine test bed program, the entire module assembly
including main rotor blades was airshipped to the NASA-AMES facility at Moffett Field,
California.

FULL SCALE WIND TUNNEL TESTS

Figure 19 shows the complete ABC rotor module and blades assembled in the 40 x
80 ft NASA-AMES wind tunnel. The shiny metal units on the floor house six separate dens-
ing units for the Chicago Aerial blade trackers that were located around the rotor azimuth
at the six blade passage points and which were modified to measure rotor separation in-
stead of blade track. Figure 20 illustrates the console used to control and monitor the
rotor system. The closed circuit TV receivers were ,sed both as a visual display for the
rotor system during tunnel operation and as a back-up rotor spacing monitor. The rotor
separation was observed by following the blade tip path traces formed on the TV screen by
the rotor blade tip lights. In the illustration some of the crew can be seen working on
the rotor head. One of them is actually sitting on a blade. This was a routine method
of inspecting and servicing the rotor hub/shaft and instrumentation, the crewman propel-
ling himself around the head by pushing on the other rotor. The center section of the
console contains the control switches and monitors. Included in this latter group are
the individual rotor and total system yaw, roll and pitch moment measurements. The basic
control positions were measured by potentiometers mounted on the feathering hinges. The
output signals were resolved along the module axes to provide direct readout of total sys-
tem longitudinal, lateral and collective control as well as Indications of differential
longitudinal, lateral and collective pitch. Interrotor blade tip path separation sensed
by the modified optical blade trackers was recorded on the six vertical meters located on
the right hand console. Two banks of 16 vertical reading meters each were installed on
the left hand console to indicate the steady and half amplitude vibratory loads and stres-
ses at the 16 most critical points throughout the rotor dynamic system. These included
rotor blade stresses as well as rotating and stationary control loads. These measurements,
in addition to approximately 25 others on both rotors, were also permanently recorded on
magnetic tape. Several vibration pickups located on the rotating portion of the rotor
head and the stationary module were included.

Figure 21 is a map of the basic wind tunnel test conditions exclusive of the ro-
tor control variables. These were varied to provide both trimmed and untrimmed total mo-
ments and interrotor moments throughout a range of rotor thrusts up to 23,000 lb at
various rotor shaft angles representing flight regimes from forward propulsion through
autorotation. Figure 22 is a map of the flight ranges tested. Maximum values of lift and
propulsive force were limited by blade stress. The maximum speed of 180 knots and the
minimum speed of 80 knots were constrained in the first instance by installed tunnel fan
power, and in the sesond case by tunnel choking. The maximum advance ratio was limited by
a combination of blade stress and vibration caused by having to operate the rotor at
speeds coincident with the ?irst flatwise and edgewise modes as well as a paincipal mode
of the wind tunnel qrag balance. Operation at airspeeds between 140 and 160 knots was
precluded because of a roughness condition peculiar to the wind tunnel. It had been plan-
ned to investigate higher advancing blade tip Mach numbers and one additional rotor phas-
ing configuration (interrotor blade passage atM a 00 was the only point checked), but
wind tunnel schedule limitations prevented further testing.

During the course of testing at the maximum tunnel speed of 180 knots, a major
portion of the lower rotor slip ring assembly separated from the hub/shaft. This sertion
contained, In addition to a great deal of wire and cabling, four electrical junction box-
es weighing six pounds apiece. At least two of these boxes struck blades in each rotor.
Figure 23 shows the damage to the upper rotor blade at 90% radius. The hole Is approxi-
mately two inches wide and three inches deep. Figure 24 shows the same damage looking
directly into the leading edge; the actual junction box that caused the damage is shown
underneath but is turned sideways to illustrate the "half-moon" dent caused by the blade
strike. Figure 25 Is a photograph of the lower rotor blade that sustained the least
damage. The junction box is shown on top of the blade for comparison. It is of interest
to note that all of the aerodynamic trim tabs were completely bent out of shape. Despite
this, and the severe damage to both rotors, when the incident occurred there was no
change in vibration level or stresses throughout the 1-1/2 to 2 minutes required to "land"
the rotor, i.e. shut down the rotor and tunnel. Subsequent examination of the data re-
veatled only a sharp peak in edgewise stress at the moment of impact followed by a return
to the levels that obtained just before impact. This leads to the possible conclusion
that rotor blades of sufficient rigidity may not require aerodynamic balancing. Similar-
ly, propeller moment slopes and even blade tracking requirements may also be eliminated.
The use of accurate, hard tooling is a prerequiuite for elimination of the tracking re-
quirement, since close dimensional repeatability, particularly with regard to angular
twist, is paramount In minimizing the lift slope differences between blades.

Finally, despite the extensive damage to both blades, they are completely re-
pairable by replacing the skin, and foam and honeycomb filler. Minor damage on the re-
maining blades was easily repaired with field kits Immediately after the Incident.

WIND TUNNEL TEST RESULTS

PERFORMANCE

The basic performance characteristics and the implications of the
performance resuits are covereC in Reference 5. For the anke of continuity,
however, Figures 26 and 27 serve to illustrate the large improvement in lift
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capability made possible by the more efficient use of the advancing blade. Figure

26 compares the results of an H-34 rotor test conducted earlier in the AMES wind tunnel
and reported in Reference 6. The curves are non-dimensional profile drag polars plotted
at 180 knots for optimum shaft angle. In addition, the ABC rotor data represent the opti-
mum differential lateral cyclic pitch, i.e. the data are plotted at values of differential
lateral cyclic pitch that yield the maximum lift/drag ratio consistent with acceptable
stresses. Some approximate values of total lift have been spotted on each set of curves.
Two salient features of the ABC rotor can be deduced from these curves:

1. The lift of the ABC rotor at Its beat lift/drag ratio is always at least twice
that of the H-34 rotor at its best lift/drag ratio. The lift for the best lift/drag ratio
is found at the point of tangency of a straight line between this point and the origin.

2. Above the best L/D point the conventional H-34 rotor efficiency drops rapidly
because of the onset of retreating blade stall; stresses and vibration increase corres-
pondingly such that power, stress and vibration limits are reached simultaneously at
about 13,000 lb of lift. The ABC rotor on the other hand demonstrates a continually in-
creasing lift capabi3ity even well above the best L/D point because of the absence of
retreating blade stall. The maximum lift of 23,000 lb was limited only by stress. Since
tne rotor system was designed for an aircraft of 14,500 lb gross weight, this represents
a load factor of nearly 1.6 g's.

In addition, the data further show that at 180 knots the ABC rotor can lift
nearly 2.5 times as much as the conventional H-34 rotor for reasonable amounts of propul-
sive forge, e.g. for a propulsive force of 1,050 lb representing an equivalent flat plate
of 10 ftP, the H-34 has a maximum lifting capability of 7,070 lb where the ABC rotor can
lift 17,100 lb. A portion of this lift capability can be traded off for increased for-
ward propulsion thus permitting higher speeds with the same aircraft, or the same speed
with a larger machine.

Figure 27 shows the efficiency of the ABC rotor tested at AMES as a function of
lift capability. The wind tunnel test results are compared to results of flight tests of
the CH-53 helicopter; these data are plotted at 135 knots which represents the best L/D
air speed for both the CH-53 and the particular ABC rotor tested. The best L/D speed for
an ABC rotor can be varied over a wide range by Judicious selection of airfoils and rotor
blade geometry. The lines of constant Dp/L represent parasite drag normalized with re-
spect to lift and are indicative of the propulsive capability of the rotor systems. As
an example, for a Dp/L of .072 the lift/drag ratio of each rotor is approximately equal
to 6.8; however, the ABC rotor has nearly twice the lifting capacity at this L/D. More-
over, if more propulsive force is required, e.g. If D,/L is increased to .10, the conven-
tional CH-53 rotor lift capability falls off rapidly Chereas the ABC rotor lift capabili-
ty, being very high at the outset, can sustain a reduction while actually increasing in
efficiency. The design gross and empty weight lift coefficients for the current ABC ro-
tor are shown on the graph along with typical mission and empty weight lift coefficients
for the CH-53.

Figure 28 shows the theoretical and actual maximum rotor lift coefficient as a
function of advance ratio.

Finally, Figure 29 illustrates the beneficial effect of reducing tip speed and
the advancing blade tip Mach No. for the actual rotor tested at AMES at an aircraft grcss
weight of 14,000 lb. Again, the high lift capability of the rotor is used as a "negoti-
able security", which in this case is used to purchase increased lift/drag ratio. The
decreasing L/D with speed is caused principally by the high negative blade twist (-100
nonlinear). In fact the AMES test results indicate that the -10' is too negative even
for the original design speed of 230 knots. A blade designed specifically for speeds
above 250 knots wovld in all probability have no twist. For example, the present rotor
produces a download on the retreating blade at an advance ratio of .91, equal to 1/6 of
the total rotor lift. By eliminating all twist the L/D ratio could be increased by 1/3.
The loss in hovering performance incurred thereby could be largely regained by increasing
tne taper ratio from the present 2:1. Further increases in high speed rotor performance
can be achieved by employing stiffer materials such as carbon fiber composites to permit
reduction of the root end airfoil thickness which is presently 30%. Full scale wind tun-
nel tests have shown that the use of double ended, cambered airfoils could also Increase
the lifting efficiency as much as 50%.

LOADS, MOMENTS AND STRESSES

Loads, moments and their resulting stresses were generally as predicted, i.e.
the fundamental blade stresses are a direct function of the lift offaet radius on the
advancing blade, and the higher harmonics of stress that are generated by the asymmetrical
airloads in forward flight are in reasonable agreement with the results of the noamal
modes analysis. Figures 30 and 31 illustrate, respectively, both measured and predicted
values of higher harmonic flatwise and edgewise stresses. In the areas of highest stress
the analysis is conservative. Control loads followed a similar pattern with no Insta-
bilities observed. In this latter regard it is worthy of note that no structural in-
stabilities of any kind appeared throughout the entire program including the .91 advance
ratio condition where it was necessary to operate simultaneously on the first flatwise
and edgewise modes.

Tip deflections, as might be expected, are a function of combinations of the
principal variables, viz. shaft angle (rotor angle of attack) lift (collective pitch),



interrotor rolling moment (differential cyclic pitch) and advance ratio. The -10* non-
linear blade twist further complicates the situation. Generally, tip separation between
rotors is a minimum at the best lift/drag ratio where the difference in lift between the
advancing and retreating blades is a maximum; peak stresses also occur in this region.
These conclusions apply for a given lift. Maximum load factors within the stress limits
were achieved at off-optimum control settings. Figure 32 tabulates some typical values.

STABILITY AND CONTROL RESULTS

Figures 33 through 35 represent 6he static stability derivatives of the 40 ft
diameter rotor normalized for an aircraft of 8,700 lb gross weight and a pitching inertie
of 15,300 slug-ft 2 . A typical conventional rotor has been plotted for comparison. Of
particular interest is tne relative riiope of Ma in comparison with MAlj. At 150 knots,
for example, MN1A is approximately 3-1/2 times the value of Ma. Since 'he aerodynamic
damping Is basiiklly related to MA S and the gust sensitivity is a function of Ma, it is
anticipated that an ABC rotor helfiopter would be reasonably insensitive to gusts while
exhibiting good pilot response characteristics.

ABC ROTOR APPLICATIONS

The ability of the ABC rotor to maintain its lift over a wide range of speeds
makes it ideally suited for high speed applications. The demonstrator aircraft shown in
Figure 2 represents a machine of 14,500 lb gross weight with a maximum level flight speed
capability of 230 knots at this weight employing the 40 ft diameter rotor tested at
AMES.

A logical development of the ABC rotor is illustrated in Figure 36, which shows
a 90-passenger transport of about 104,000 lb gross weight capable of reaching speeds t
to 400 knots. This is accomplished by slowing and eventually stopping the rotor to keep
the advancing blade tip Mach Number relatively constant. A variable speed transmission
is not required, since the rotor, which is essentially autorotating above the forward
airspeed for minimum required power, can be decoupled from the powerplants; the rotor
could be slowed either aerodynamically or mechanically. Extensive sub-scale wind tunhel
tests of these flight regimes were conducted at the United Aircraft Research Laboratories
and are described In Reference 2. The results support the thesis that the ABC rotor sys-
tem can be applied to high speed aircraft.

A second interesting application of this rotor system in the lower speed range
has been proposed to the U. S. Army by Sikorsky Aircraft. Figure 37 shows the AARV
(Aerial Armored Reconnaissance Vehicle) Operating in a possible role. For this mission,
the vehicle employs the "reconnaissance by fire technique" to determine the enemy loca-
ti- . Survival in this hostile environment required an armored fuselage and an extremely
invulnerable rotor/dynamic system. The former is achieved with dual hardness steel armor,
and the extremely rugged ABC rotor is expected to demonstrate the latter. Elimination of
the tail rotor requirement further enhances the potential invulnerability of the system.
The simplicity of the rotor system makes it compatible with forward area operations where
environmental conditions are severe and maintenance capabilities are at a minimum.

CONCLUSIONS

Results of over 62 hours of operation of the 40 ft diameter ABC rotor at speeds
up to 180 knots, advance ratios up to .91, lifts over 23,000 lb and interrotor moments ex-
ceeding 74,000 ft lb indicate the following:

"The system lift capacity is over twice that of articulated rotors up to 180
knots. Moreover, the design lift coefficients were maintained up to .91
advance ratio.

" Measured performance is in good agreement with that predicted by rigid blade
theory.

" The possibility of eliminating the conventional rotor anti-torque power re-
- quirements Is clearly indicated.

"• The principal control derivatives measured in the 40 ft x 80 ft NASA-AMES
wind tunnel are well approximated by rigid blade theory. Measured longi-
tudinal static stability characteristics are in excellent agreement with

. flexible blade theory.
" Characteristics of the measured rotor blade stresses, hub stresses and con-

trol loads are as expected from earlier model tests and analyses. Minimum
blade stresses occur in the rotor lift coefficient design range. Stresses
at maximum lift/drag ratios are within continuous operating limits.

" Total fixed system vibration is lower than predicted in the design lift co-
efficient region.

" The rotor system was found capable of operating over the entire range of
wind tunnel conditions without any major mechanical or itructural difficul-
ties and without evidence of divergent stresses or other instabilities.
Sufficient data were obtained to substantiate or modify the theories and
analyses necessary to design a demonstrator aircraft.

The four year program developed mAterials technology and fabrication techniques
in sufficient depth to produce viable dynamic system hardware for a production ABC rotor
aircraft.
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rinally, based on the results of the entire effort, It appears that the capabili-
ties of the ABC rotor system can be optimized and extended directly to full scale, higher
speed aircraft.
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ABC TITANIUM
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R.A.E. EXPERIENCE IN THE USE OF A PILOTED
GROUND-BASED SIMULATOR FOR HELICOPTER HANDI ING STUDIES

T.by

T. WILCOCK
Royal Aircraft Establishment,

Bedford, England.

SUMIARY

Two studies using a ground-based piloted flight simulator for the assessment of helicopter handling
qualities are described. The first simulation, of a Westland Wessex, was performed to establish the
simulation techniques required for effective representation of handling behaviour. The second study was
of the ý(estland Iqnx, and was conducted, in co-operation with Westland Helicopters Ltd., prior to the
first flight of that helicopter in order to provide assistance in the early development programe.

Results of the two simulations are discussed, and the experience gained from these tests is used to
suggest some requirements for valid simulation.

1. INTRODUCTION

For over a decade, the flight simulator of the Aerodynamics Flight Division, Royal Aircraft
Establishment, Bedford, has been used for investigations into aircraft handling characteristics. The
tasks of the Simulator Section have been threefold; basic handling research (stability and control
requirements, operational techniques for new classes of airuraft, etc.), assessment of handling qualities
of new aircraft during the early development stage (Concorde, A300 Airbuj, BAC 221 etc.) and advice on
simulation to manufacturers and other users of simulators. Until recently the work has been concerned
largely with conventional fixed-win&, aircraft (with two excursions into the VTOL field), particularly in
the areas of take-off and landing. However, the projected use of the sieulator as a tool in helicopter
handlA.- studies and the need to give advice on helicopter simulation prompted a simulator-flight com-
parison of the *Jestland ;/essex, aimed at establishing the techniques required for representation of the
handling behaviour of a helicopter. Once some mdasure of confidence in this simulation had been achieved,
the simulator was used for a study of the handling qualities of the Westlar4 Lynx, in prbparation for
initial flight tests.

This paper discusses both simulations and summarises some roquirements for effective simulation of heli-
copter handling qualities in the light of R.A.E. experiexsi in this and previous fixed-wing simulations.

2. AIMS OF THE SIMULATIONS

2.1 WVesqex Exercise

This preliminary exercise was aimed at providing a measure of confidence in the use of the simulator
for helicopter handling studipi.

The problems to be considered ware:-

(a) data required for representation of the helicopter aerodynamica;

(b) mechanization o% the ae-odynamic data and equations of motion in a suitable form, particula=4
in view of the somewhat limited computational capacity available;

(c) effective incorporation of the pilot in the control loop (viua.l and motion cues etc.);

(d) establishment of the areas of validity and of the limitations of the simulation; in
partiroular, the extent of limitations imposed by deficiencies of data or environmental cues.

The ..essex was chosen as subject for this exercise, as such a helicopter was operated by the Aerodynasmic
Flight Division (Fig. 1) and the pilots performing the major part of the simulation work were familiar
with its handling features. It was also hoped to obtat. direct comparisons of task, performed by the sam
pilot in the simulator and in flight. This helicopter is a modified version of the Sikorsky 5.58, built
by .westland Helicopters Ltd.

2.2 Lynx Exercise

Tie Westland WG 13 Lynx is a twin-engined helicopter with a hingeless rotor (Fig. 2); a 4-channel
autormatic flight ccntrol system (AFCS) is fitted. The hingeless rotor gives higher control powers and
damping than the conventional articulated rotor, but also inherently imparts a greater degree of instab-
ility to the vehicle, particularly at high speed.

Simulator tests were conducted about five months before the firet flight of the Lynx (which was on
21st March of this year). The areas of study included handling with and without AFCS throughout the
speed range, the ability of the pilot to cope with AFCS failures, and possible handling improvements to
be derived from modification of the AF;S control laws.

3. DESCRIPTION OF THE SIMULATOR

The principal elements of the simulator are shown in block diagram form in Fig. 3. The representation
of the helicopter was programmed on the analogue computer (approx. 200 amplifiers, 80 multiplications) and
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responded to the pilot'a control inputs and to disturbances introduced by the simulator operator. Computer
outputs fed the sources of motion, visual and mural cues for the pilot, to enable him to complete the
simu]ation loop. Sixteen computed variables were recorded by two 8-channel pen recorders, and records of
the pilot's and operators' commentary were made during the tests.

Several of the simulator elements are described below in more detail.

3.1 Cockpit Interior

The simulator cockpit is normally equipped with aircraft controls, but for the helicopter work these
were removed; a Wessex cyclic stick, spring and trim units, collective lever with modified friction device,
and yaw pedal damper were fitted. For the Lynx simulation, the cyclic forces, trim rates, pedal damping
and the length of the collective lever were all altered to values closer to those proposed for the Iynx.

Figures 4 and 5 show the cockpit interior for the two simulations.

Flight instrnments were limited to those relevant to the handling studies, and %ere in general modified
from appropriate aircraft instruments. The actual instrument layouts used were not those of the real
helicopters but were dictated in part by the restricted panel space in the simulator cockpit. Auto-
stabiliser controls and indicators were mounted on the left-hand console for the Lynx exercise.

3.2 Motion %retem

The motion system, shown in Fig. 6, was originally built with two axes 'r motion (pitch, with some
incidental vertical translation, and roll), but was modified just prior to these .5j.ulations to give 4
axes (pitch, roll, yaw, heave). The performance of the various axes is shown in Fig. 7 and table 1; the
yaw performance is by far the least satisfactory, and was further nggravated by high friction which caused
a sharp jerk on roversal of direction of motion.

IABLE 1

AIS TRAVEL MhZ. RATE MAX. ACCELERATION

Pitch t150 400/see. up lOo°/soc. 2 *
700/seo. down

Roll +150 60P/sec. 400o/sec. 2

Yaw +150 350/sec. 200S/seo. 2

Heave 2.3 ft. up 3 ft./sec. 18 ft./sec. 2

1.2 ft. down

* Pitch anc. yaw maximum swceleration are design figures; actual
values not yet available.

Attempts to improve the response and eliminate the breakout jerk were unsuccessful (for reasons not yet
fully understood) and the false cue given by the jerk swumped any useful cue that might be derived from
this axis; yaw motion was not used for the bulk of the tests.

3.3 Visual System

The visual representation of the outside world was provided by a Redifon moving belt television
system. A televijion camera tracks over a model of an airfield and surrounding countryside in response
to the computation of the helicopter's position and attitude; the resulting view is presented cn a telg-
vision monitor 0 in front of the pilot. The field of view of the system is somewhat limited (approx. 45
in azimuth, 35 in pitch) and for the Lynx simulation an extension of this field of view was obtained by
projecting a shadow horizon line onto the dome surrounding the cockpit. Viewed through translucent side
window panels, this division of the external world into light and dark hemispheres provided an additional
source of pitch and roll attitude information.

Two television models were used, one on a scale of 1:2000 giving coverage of an area 12 nm by 4 nm up to
an altitude of 1500 ft, and the second of 11700 scale, with reduced coverage (51 nm x 2 nm x 700 ft).

For the Wessex simulation, a small fan, rotating at main rotor speed on top of the cockpit and below a
light bulb, was used to oimzaute rotor flicker. The vtzying light intenjity was detectable through the
seami-opaque side windowe of the cockpit. This device was not used for the Lynx simulation as the shadow
horizon used in thit imiulition required the same mounting points as the flicker unit.

3.4 Auml Cues Generation

Aural cues were supplied from two loudspeakers behind the pilot's seat. For the ';essex sii.lation a
mixture of filtered white noi3e hnd one particular constant frequency was used to represent transmission
and engine noise, to which was added a l/rev, and 4/rev. beating sound to simulate blade noise. The
intensity of the I/rev, increased with vertical acceleration of the helicopter. In the Lynx simulation,
the frequency of the single note was modified by computed engine torque, to indicate the rise and fall
of engine speed under vry-jing load conditions.
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4. WE,'MZ32EX SIMULATION - PROGRESS AND RESULTS

This section is a summary of the problems, limitations and effectiveness of the ,*essex exercise, the
account being divided between those factors concerning the mathematical representition of the helicopter,
and those affecting the presentation of the vehicle to the pilot. However, there is, of necessity, a
substantial link between the two areas.

4.1 Mathematical Model

A comprehensive simulation of a helicopter is far more complex than the fixed-wirg studies previously
performed on the Aerodynamics Flight Division simulator, and the first problem to be encountered was that
of fitting an adequate representation of the hellcopter within the limited computer capacity. It is
worth quoting here from a paper1 given to the American Helicopter Society which described a simulation of
the CH46 twin rotor helicopter on a 950-amplifier computers "Consieerable manpower and effort .... and a
constant struggle to remain within the limits of computer capacity and motion base travel were required
to obtain a useful simulation".

For the *lessex simulation, only 200 amplifiers were available, which inevitably led to simplifications
in the modelling of the representation of the helicopter, but with, it was hoped, minimum loss of fidelity
in those areas relevant to the aims of the exercise. It was decided to place emphasis on simulation of
handling in normal flight conditions, paying little attention to extremes of speed or manoeuvre. Perfect
engine governing was assumed, giving constant rotor speed in the aerodynamic equations. A simple blade
elc:ment approach, with uniform downwash distribution, was used for the main rotor; blade stall and com-
pressibility effects were ignored. Quasi-static flapping and coning were assumed, and a much simplified
tail rotor representation, synthesised from wind tunnel test results, was used. The form of kinematic
equations chosen led to indeterminacies at zero airspeed; however, hovering relative to the ground was
achieved by performing tests in a headwind of 10-15 kt.

Semi-empirical body forces and moments were adapted from values previously used in computer studies by
Je-tland Heliccptere Ltd. (WHL). Aerodynamic ground effects and the dynamics of the landing gear were
not included in the simulation. Ground contact was simulated by inhibiting portions of the computation
until thrust exceeded weight.

4.2 Comparison of Zathematical Model with Flight Data

Shortly before the simulation, some flight measurements of trims and control responses were taken in
the Wessex helicopter operated by the Aerodynamica Flight Division, for the purpose of comparison with
the simulator representation. It was impracticable at the time to fit instrumentation appropriate to the
validation tests and the measurements were necessarily limited; in particular, no direct measurements could
be taken of blade flapping or fealhering or of fuselage sideslip angle. In order to obtain values of the
blade angles, the pilot's contrr'. positions were recorded, and all tests were performed withuut auto-
stabiliser (which would have added unmeasured inputs to the pilot's commands). In this unstabilised
conditicr., steady trim values were hard to obtain, and responses were soon terminated by large vehicle
attitudes. The amount of information derived from the flight tests was thus less than had been hoped,
and much ,f the assessment of the simulation had to rely on qualitative pilot assessment rather than
quantitative data and response comparisons.

Fig. 8 shows trim data for simulator and flight tests. The shapes of the longitudinal cyclic, collective
pitch and pitch attitude data points are similar in flight and simulator, though there is a degree or so
difference between collective pitch results (so far unexplained, but most likely due to instrumentation
errors in the aircraft since the simulator values agree with WHL flight measurements). The lateral
cyclic figure shows a difference in shape due to the assumption of uniform downwash in the simulator - a
simplification having minor effect on the response characteristics of the helicopter, and employed because
of lack of computer capacity.

As initially set up and flown, the simulated Wessex exhibited a marked lack of casping in yaw compared
with the actual helicopter, and significant left pedal was required for trim, the amount increasing with
speed whereas in real life the pedals remain close to central over a large portion of the speed range.
Flight measurements of tail rotor angle and main rotor torque suggested that downwash from the main rotor
was acting on the fuselage and fin to provide some of the balancing torque and hence reducing the amount
of tail rotor pitch required. In the forward flight condition, the downwash through the tail rotor would
also reduce the pedal angle for a given rotor thrust. 'Thumbnail' calculations on the magnitude of such
forces showed that the downwaxh could make a significant contribution both to the shift of the pedal
position and to the damping in yaw; the rather tentative values from these calculations were included in
the simulator model, giving yaw damping which appeared to the pilots to be closer to real flight, and
removed some of the offset pedal displacement. The plot of tail rotor angle in Fig. 8 shows tne revised
simulator values. The comparison is still not satisfactory, but tail rotor angle is sensitive to side-
slip of the helicopt r and this was not measured in flight. Further resolution of the discrepancy was not
possible with the 14ted flight instrumentation.

4•3 Motion Drives

The philosophy behind the form of drive laws used for the motion system is one that is in oommon
use, any minor differezvoes between simulators being imposed by thg particular limits of the motion
system in use. Staples has described the philosophy in his paper to the AGAPD PUP Symposium on
"imulation; a brief outline of the general principles is given below.

The motion sensors of the inner ear are of two kinds, the semi-circular canals sensing rotational motion,
and the utricles which are sensitive to linear acceleration; choice of motion drive laws is concerned
with effective stimulationo:' these two sets of sensors. Consider firstly, roll motion of the simulator;
motion about this axis will stimulate both sets of receptors, the semi-circular canals by direct rotation

0 ý r*o-
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and the utricles by reorientation with respect to the gravitational vector. Thus in the prov. ion of
rolling cues by roll of the cockpit, undesirable lateral acceleration cues will result, and conversely,
use of the motion to provide a lateral acceleration cue will involve spurious rolling sensations. This
conflict is resolved (or mor. correctly, a compromise is achieved) by considering the initial motion
response after a disturbance to be of prime importance. The pilot's first indication of an external dis-
turbance or of the magnitude of response to a control input is from the motion - he detects acceleration.
This will be followed by cues of velocity and position from visual sources (outside world, instruments).

Then, if the initial motion cue is correct, subsequent false cues imposed by the simulation limits will to
some extent be masked by the correct visual cues that the pilot is by then receiving. With this principle
in mind, a suitable roll motion law ise*

cockpit roll angle n K1 (- -s/ x aircraft roll angle + i x aircraft lateral aoceleration

The first term in this expression gives an initial roll response like that of the real helicopter (but
reduced by gain K ), but then washes out the signal so that for sustained back angle the simulator cockpit
returns to wings level and does no'. expose the pilot to a false lateral acceleration cue. The second
term provides roll angle as a source o: lateral acceleration cues, but is lagged to minimise the false
rotational cues generated in reaching this roll angle. Inevitably, high frequency components of lateral
acceleration are lost (but those could be replaced if sway motion were available).

A directly analogous approach is used for the pitch motion and a similar emphasis on initial cues leads
to a heave drive lew of

cockpit motion = l2 x aircraft vertical displacement

The motion scheme outlined above has been used with success by R.A.E. in simulation of fixed wt'-g air-
craft, and was similarly used for the helicopter studies. Due to the limited travels available and to
the desire to avoid rapid washout or large false cues, there has to be some compromise between gain K
and time constant T for the various axes; values were eptimised by pilot assessment. For these simula-
tions +he values were approximately as given in the following table (there were minor differences between
the two simulations and variations were tried for particular tasks)t

T AWE 2

USD FOR PROTATIONAL CUES USED FOR MW CUES
AXIS - -

GAIN K TIME CONSTANT r SEC GAIN K TIKE CONSTANT v SEC

Pitch 0.7 2 1 1.5

Roll 0.35 1.5 0.5 1

Heave - - 0.5 0.5

The signal used to provide aural cuss of 1/rev, and 4/rev rotor noise was also fed to the pitch motion
to give an impression of rotor vibration.

4.4 Pilots' ComEnts

The following section is a compilation of comments made by pilots during and after simulator trials.
Thirty-six pilots flew the simulator; of these, 12 were familiar with the Wessex.

In preparing this simulation, the original intention was to consider on]y the higher speed end of the
flight envelops. The limited motion napability, restricted field of vier and poor performance of the
moving belt display at very low speeds led to %he belief that sit•ulation of the hover would probably be
unsatisfactory; however, hovering r a included for completeness and to give a full assessment of
simulation limits. It is not sur. ýiing therefore, that the bulk of criticism was directed at the simu-
lation of flight near the hover, particular, height judgement from the visual display was poor, and
the limited heave motion did not give the pilots sufficient awareness of the magnitude of their collective
pitch inputs. There was mechanical slack in the drive to the television belt, masking a change from
forward to rearward flight until this slack was taken up, by which time the helicopter could have picked
up a significant speed kit should be noted that this TV system was not intended for rearward flight).
Pilots commented that, "once off the ground the major problem was height judgement due to the poor visual
cues" - "it was impossible to judge the last 15 feet" - "it is difficult to know when you have stopped
moving".

Another area of adverse coment was that of yaw control, in spite of the modifications to the aerodynamic
representation. The incorrect pedal position with change of speed was criticised and the pedals were
described as 'sloppy', tlight' md 'loose'. The yaw response felt underdampod compared with that of the
real helicopter.

In implementation on the computer, the first term is rearranged to give Ki( 1 + x aircraft roll
rate, to avoid problems of axis resolution. + Ta

;dr2
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In other than these two areaj. criticism was generally minor. It was very pleasing to find the overall
acceptance of the simulation by all but one or two of the pilots, particularly in view of their wide range
of backgrounds and, for a high proportion of them, the absence of preiious simulator expezienc.. All felt
that the impression of the size of the helicopter was correctly conveyed; those who were familiar with
the ';:essex were more particular in both their criticism and their praise. Stabilised and unstabilised
flight conditions were evaluated and "the real relationship (between the two conditions) was almost
universally reproduced". Although the visual and motion deficiencies made precise hovering harder than
in real life, it was still felt that this "didn't invalidate the usefulness of the simulation for this
mode of flight"; assessment of cyclic control power and response was still possible and relevant.

A number if deficiencies of the cockpit layout were criticised; "the instruments are too close, making
scanning very difficult" - "the small outside world confuses me" - "I am not sitting in a rormal flying
position". However "the mainfold deficiencies of the cockpit were considerably more apparent when enter-
ing than when flying the simulator. Once involved in a task the fact that you are using 'normal' flying
controls mostly overshadows the strangeness of the surroundings".

Most pilots were impressed by the effectiveness of cockpit motion, both for its contribution to the pilot's
environment, and as a source of controlling cues. Without motion "it is non-aircraft" - "I feel that I am
sJtting aLill with the world moving beneath me" - "control is more difficult", and "only the motion
enables me to fly this aircraft in the unstabilised mode". Motion helped the pilot to gouge the size of
his control inputs, resulting in reduced, but more efficient, stick activity. The rotor shake added
considerably to the environment - the increase in vibration level when pulling 'g' was particularly
liked.

Sumuarising, there was general acceptance that a useful representation of Wessex handling had been
achieved, with reservations on the simulation of yaw behaviour and the hover. It was felt that the
addition of yaw motion would do much to remove the impressions of underdamped and loose response (removal
.%f pitch or roll motion led to similar impressions of poor control in those axes) and efforts were made -
wiLhout success - to bring the yaw motion to a satisfactory state for the Lynx exercise.

Ove'all, therefore, the simulation of the Wessex enabled that of the Lynx to be approached with reasonable

co',fidence, but any problems that might occur in yaw or hover control were to be interpreted with caution.

5. LYNX SIMULATION

This simulation was conductod in close co-operation with the test pilots and aerodynamics staff of
Wiestland Helicopters Ltd., the WHL pilots performing sell over half the total tests; pilots from the
R.A.E. provided the remaining contribution. Tests were directed at the handling of the basic, unstabilised
helicopter, the benefits obtained from the automatic flight control system (ABCS) and the suitability of
the AFCS laws, pilot reaction to AFCS failures, and the identification of possible problem areas.

The Iynx has now startet flight trials, which allows seow assessment of the effectiveness of the simulation.
A complete comparison ir not possible at the present time, but one or two areas of particular interest
will be discussed.

5.1 Mathematical Model

The model used for this exercise was more detailed than that of the Wessex simulation. The simpli-
fications of constant rotor speed, quasi-static coning angle, and thL lack of ground effect, landing gear,
blade stall and compressibility effects were still present, but the model included flapping as a first
order motion, non-uniform downwash, and a detailed tail rotor representation. The equations were gener-
ated in a form which avoided indeterminacies at the hover, removing the zero speed limitation of the
Wessex simulation. The whole model was derived, with minor simplifications, from that used by WHL for
fixed-base simulation and computer studies.

5.2 Handling of the Iyn

The stabilised helicopter, as represented on the simulator, was a pleasant, responsive machine with
ample control power in all axes. The AFCS provided attitude stabilisation in pitch and roll (rate stabili-
sation for large roll angles), rate damping in yaw and a collective pitch channel driven by normal
acceleration (the collective pitch acceleration control, CAC). The unstabilised aircraft was easily
controlled in roll throughout the speea range; pitch presented no major difficulties until beyond 100 kt.,
when the basic instability of the rigid rotor gave a divergent but still controllable response. Control
could be retained, with a high pilot wozrkload, up to the maximum speed simulated of 160 kt, Addition of
the CAC improved the stability, postponing divergence to around 120 kt. and giving easier control through-
out the speed rarge.

Previous fixed-base tests, using the same mathematical m~del, had suggested a limit of controllability of
around 100 kt., so the present tests gave more confidence for the initial .light trials, which were per-
formed without stabilisation.

The Lynx has now flown with and without CAC up to 160 kt., and the pitch and roll behaviour of the heli-
copter has been much as predicted by the simulator teats. This close similarity between flight and
simulator has given confidence in the simulator predictions, thus allowing more rapid progress ir early
flight tests than would otherwise have been advisable.

It is worth mentioning one or two other results of this exercise. Firstly, the pitch and roll trim rates
chosen for the aircraft were assessed in the simulator and found to be far too low for pilot convenience;
initial flight tuats confirmed this, and trim rates are now being increased. Secondly, the two signifi-
cant problems encountered in the Wessex simulation, yaw control and hover representation, again were in
evidence. Height control near the hover was even harder than with the Wessex simulation because of the
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high gearing of the collective control and there were slight fears that the control might be over-
sensitive in the real aircraft. Flight tests have proved the fears to be groundless; although the
collective control is undoubtably powerful, there is no tendency to overcontrol.

In the simulator, yaw damping appeared poor at the hover, a feature which again has not been evident in

flight.

6. DISCUSSION

6.1 Results of the Two Simulations

The validation simulation of the Wessex received general acceptance by a large number of pilots. A
useful simulation was achieved even with a relatively small computing capacity and limited visual
capability. There were two major weaknesses; the simulation of yaw behaviour, and of height control
near the hover. It is interesting to note that both these problems occurred in attempting cluse control
of axes for which little or no motion cues were present. The pitch and roll motion capability of the
simulator is quite good, and no significant problems were encountered in control about these two axes.
There was no yaw motion - and yaw controlappeared loose and underdamped at all speeds. Heave motion was
very limited - and height control became a problem at the hover when fine and continuous use of collective
pitch was required, and where control of motion in the vertical plane becomes largely independent of
pitching motions. At speed, the collective lever is in general more of a trimming device than a contin-
uous control, and short-term height control is achieved by pitoh changes as much as (if not more than)
by collective lever inputs. In the simulator it was quite easy to fly at speed at very low altitude,
with adequate control of height; the pitching motions gave the pilot information about change of flight
path, information which rear the hover came from the weak heave cues and inadequate visual display. The
major deficiencies of the simulation can thus be attributed in large part to inadequate motion cues. It
is worth repeating that the limitations of the visual display were an undoubted contribution to the
difficulty in hovering, but it is considered that the lack of motion is more significant. The motion
provides acceleration cues which are phase advanced relative to the weak visual cues of rate and enable
them to be interpreted more readily; the converse does not apply (it has been shown that powerful visual
cues will disorientate pilots in the absence of corresponding motion).

The aerodynamics of the fuselage, including the interaction between zhe main rotor downwash and the fuse-
lage and tail rotor, can play a significant part in the handling behaviour of a helicopter. 'Thumbnail'
calculations on the effects of downwash on fin and fuselage for the Wessex suggested a damping contri-
bution from that source as large as that obtained from the tail rotor. More accurate assessment of these
effects is necessary, and the simulation has been useful in indicating a problem area and the need for
more supporting data.

Initial feedback from flight tests suggests that the Lynx simulation has been valuable in giving confid-
ence to early flight wor!%. The good read-acroas from simulator to flight in terms of stability and
controllability has enabled a more rapid expansion of the flight envelope than would have been anvisable
without the simulator tests. Although the Simulator Section is no longer directly involved in the Ivnx
flight development prograsmme, contact is being maintained with WHL so that comparison of the simulation
with flight results can be used to benefit future simulation work.

6.2 Thoughts on Simulation Improvements and Requirements

The above conclusions have indicated where simulation improvements are desirable. In particular,
improved yaw and heave motion could prove very valuable. The requirements for aegular motion can be
quite modest; for example, there is littlS virtue in having more than t10 or 15 of roll motion - the
lateral acceleration cues generated at 15 bank are probably as large as would normally be directly
required, and far larger than can be tolerated as a false cue. A similar amount of pitch is adequate
unless extreme vehicle attitudes are being simulated and, if similar yaw motion drive laws are used,
t15 of yaw should suffice.

The problem axis is, of course, heave. Here one can provide only a very watere&-down simulation of the
real aircraft motion, except for certain limited tasks such as precision hovering. Provision of linear
motions is expensive and space-consuming; as a result, most motion systems are limited to two or three
feet of heave travel, which appears to be insufficient to provide the cues necessary in direct control
of the vertical motion of the helicopter. However, for tasks in which control is primarily through the
rotational axes, i.e. in the bulk of flying away from the hover, the representation of vehicle motions
can probably be adequately presented by the angular motions.

qualitative impressions of simulated flight with and without motion, and the difficulties experienced
in those axes with limited or no motion, lead to a belief that motion is essential to produce handling
results that can be interpreted with any reasonable degree of confidence. The cost of a motion system
with adequate angular motions, and some heave travel, should not represent too large a proportion of the
total cost of a simulation facility.

The other major deficiency encountered, an inadequate visual display at the hover, presents greater
problems. The television type of display is very expensive, and for many purposes (excluding the hover)
a simple presentation of attitude might be sufficient. Figure 9 shows a shadow horizon presentation
similar to that used to supplement the television picture in the Lynx simulation - the costs of this
device are relatively low.

For hovering flight, position information is also required, and preferably with a greater field of view
than that provided by the television display. A number of shadow displays have been used in the past
(e.g. by Northrop in their rotational simulator 3 ). R.A.E. are at present developing a similar system for
use in hovering and low speed flight; this form of display is again costly, with major problems of drive
accuracy, light output, and mounting rigidity. It is worth repeating that the simple shadow presentation
of att'tude could be adequate for quite a wide range of tasks.
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7. CONCLUSIONS

A validation simulation of the Westland Wessex has achieved overall success in the representation
of handling characteristics, although flight-simulator comparison was based largely on qualitative pilot
opinion and not on direct flight measurements. Two areas of simulation difficulty (yaw and hover control)
were revealed, and the relevance of motion cues to these problems has been considered. It has been found
that effective simulation of the handling behaviour of the Wessex was possible even with a limited
computational capacity and hence a simplified representation of the helicopter aerodynamics.

The simulation of the Westlanid Lynx, performed prior to first flight of the helicopter, has been valuable
in giving confidence to early flight tests and has made possible a more rapid expansion of the flight
envelope than could have been achieved in thc absence of the simulation.

In the future, it is hoped to follow this initial excursion into rotew' wing simulation with general
studies of helicopter handling to supplement the research work of the helicopter divisions of the R.A.E.
and to develop motion and visual systems to achieve greater simulation fidelity.
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Fig 1 Westland Wessex
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Fig 4 Cockpit Interior, Weasex Simulation
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Fig 6 Cockpit and Motion System
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Fig 9 Shadow Horizon Display


